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ABSTRACT 

Four a l l o y s  were s e l e c t e d  on t h e  b a s i s  of shee t  specimen 
tests, repor ted  i n  Summary Report CR-930, and t e s t e d  i n  
0.005 inch  diameter  w i r e  form t o  determine t h e i r  s u i t a b i l i t y  
f o r  use  as t r a n s p i r a t i o n  cooled gas  t u r b i n e  b lade  materials. 
The a l l o y s  w e r e  N 155, TD nickel-chromium, DH 242, and 
Has te l loy  X. Tests cons is ted  of c y c l i c  ox ida t ion ,  continuous 
oxida t ion ,  stress rup tu re  l i f e ,  and s t r e s s -ox ida t ion  a t  1400, 
1600, 1800, and 2000°F, and up t o  2100 and 2200'F f o r  some 
tests. Exposure t i m e s  ranged up t o  100 hours except f o r  
c y c l i c  ox ida t ion  tests where t i m e s  w e r e  4,  16,  64, 100, 100, 
300, 400, 500 and 600 hours.  T o t a l  s p e c i f i c  ox ida t ion  weight 
ga in ,  oxide spa11 and pene t r a t ion ,  and mechanical p rope r t i e s  
w e r e  determined f o r  each a l l o y .  
showed mic ros t ruc tu re  and ox ida t ion  e f f e c t s .  TD nickel-  
chromium w a s  supe r io r ,  except  f o r  stress s e n s i t i v i t y  r e s u l t -  
i n g  i n  i n t e r n a l  oxidat ion.  A l l  a l l o y s  w e r e  l imi t ed  t o  a 
u s e f u l  service temperature near  1600-1700°F. 

Metal lographic  examination 

V 





TABLE OF CONTENTS 

SECTION PAGE 

1 
2 
3 
4 
4.1 
4.2 
4.3 
4.3.1 
4.3.2 
4.3.3 
4.3.4 
4.4 
4.5 
4.6 
5 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
6 

TABLE 

3-1 
4-1 
4-2 

FIGURE 

4- 1 
4-2 
5.1-1 
5.1-2 
5.1-3 
5.1-4 
5.1-5 
5.1-6 
5 1-7 
5.4-1 
5.4-2 
5.4-3 
5.4-4 
6-1 
6- 2 

Summary . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
Introduction . . . . . . . . . . . . . . . . . . . . . . .  3 
Wire Procurement . . . . . . . . . . . . . . . . . . . . .  5 
Experimental Procedure . . . . . . . . . . . . . . . . . .  7 
Specimen Preparation . . . . . . . . . . . . . . . . . . . .  7 
Cyclic Oxidation Tests . . . . . . . . . . . . . . . . . .  7 
Specimen Examination and Testing . . . . . . . . . . . . . .  9 
Oxidation and Spall 9 
Thickness and Surface Examination . . . . . . . . . . . . .  9 
Metallographic Examination . . . . . . . . . . . . . . . . .  10 
Tensile Tests . . . . . . . . . . . . . . . . . . . . . . .  10 
Thermogravimetric Analyses . . . . . . . . . . . . . . . .  10 
Stress Rupture Tests . . . . . . . . . . . . . . . . . . . .  11 
Stress Oxidation Tests . . . . . . . . . . . . . . . . . . .  11 
Results and Discussion . . . . . . . . . . . . . . . . . . .  12 
Cyclic Oxidation and Spa11 . . . . . . . . . . . . . . . . .  13 
Thickness and Surface Examination . . . . . . . . . . . . .  14 
Metallographic Examination . . . . . . . . . . . . . . . . .  14 
TensileTests . . . . . . . . . . . . . . . . . . . . . . .  16 
Thermogravimetric Analysis . . . . . . . . . . . . . . . . .  18 
Stress Rupture . . . . . . . . . . . . . . . . . . . . . . .  18 
Stress Oxidation . . . . . . . . . . . . . . . . . . . . . .  19 
Conclusions . . . . . . . . . . . . . . . . . . . . . . . .  21 

. . . . . . . . . . . . . . . . . . . .  

Alloy Analysis . . . . . . . . . . . . . . . . . . . . . . .  24 
Metallographic Etchant Schedule . . . . . . . . . . . . . .  25 
Mechanical Properties of Wire Specimens 

* 25 . . . . . . . . .  

Specimen and Equipment Schematic . . . . . . . .  
Thermogravimetric Analysis Apparatus . . . . . .  
Cyclic Oxidation Resistance Comparison. 1400OF . 
Cyclic Oxidation Resistance Comparison. 1600.F . 
Cyclic Oxidation Resistance Comparison. 1800.F . 
Cyclic Oxidation Resistance Comparison. 2000'F . 
Cyclic Oxidation Resistance Comparison. 2100.F . 
Cyclic Oxidation Resistance Comparison. 2200'F . 
Cyclic Spall Resistance Comparison. 1600.F . . .  
Mechanical Properties Comparison. 1400.F . . . .  
Mechanical Properties Comparison. 1600.F . . . .  
Mechanical Properties Comparison. 1800OF . . . .  
Mechanical Properties Comparison. 2000.F . . . .  
Extrapolated Oxidation Resistance Comparison . . 
Extrapolated Penetration Resistance Comparison . 

. . . . .  e26 . . . . . .  27 
29 
30 
31 

= 32 . 33 
34 

* 35 . . . . . .  35 
36 

* 36 . . . . . .  37 
9 38 

e 0 e - 2 8  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  
. . . . .  . . . . .  
. . . . .  

v i i  



APPENDIX PAGE 

1 Numerical Data Tabula t ion  . . . . . . . . . . . . . . . .  39 
2 Alloy Oxidat ion P l o t s  . . . . . . . . . . . . . . . . . .  57 
3 Metal lographic  Examination. . . . . . . . . . . . . . . .  7 1  
4 Mechanical P r o p e r t i e s  . . . . . . . . . . . . . . . . .  . l o 1  
5 Oxidat ion Pene t r a t ion  Plots . . . . . . . . . . . . . . .  109 

NOTE 

Tables and f i g u r e s  contained i n  t h e  
Appendixes are s e p a r a t e l y  l i s t e d  on 
t h e  t i t l e  page of t h e  corresponding 
Appendix. 



I~ATION RESISTANT MATERIALS FOR TRANSPIRATION 

OLED GAS TURBINE BLADES 

II. WIRE SPECIMEN TESTS 

by Fred W. Cole', James B. Padden2, and Andrew R. Spencer3 

THE BENDIX CORPORATION 
F i l t e r  Divis ion 

1 SUMMARY 

Four a l l o y s  w e r e  s e l e c t e d  on t h e  b a s i s  of previous s h e e t  specimen 
screening tests and t e s t e d  as 0.005-inch diameter w i r e  specimens t o  de- 
termine t h e i r  s u i t a b i l i t y  f o r  u t i l i z a t i o n  i n  t r a n s p i r a t i o n  cool ing ma- 
terials such as Poroloy and Rigimesh o r  Poroplate .  The a l l o y s  chosen 
from twelve s h e e t  specimen a l l o y s  reported i n  t h e  P a r t  One Summary Re- 
p o r t  CR-930 w e r e :  

1. N 155. e a . . e . . e . e 21Cr-20Ni-20Co-3Mo-2.5W-Fe 
3. TD nickel-chromium . . . 2Th02-20Cr-Ni 
6. DH 242 . e . . . . e . . . . 20Cr-1Cb-Ni 

10. Hastel loy X. . . . . . e . . 22Cr-18.5Fe-9Mo-1.5Co-Ni 
This s e l e c t i o n  w a s  based on cons ide ra t ions  of c y c l i c  oxidat ion 

Alloy N 155 resistance and r e t e n t i o n  of good mechanical p r o p e r t i e s .  
w a s  chosen as a base l i n e  f o r  a l l o y  comparison. Fu r the r  tests w e r e  
conducted on t h e s e  f o u r  a l l o y s  i n  0.005-inch diameter w i r e  form. 

A l l  w i r e  specimens were "s intered" i n  dry hydrogen f o r  two four- 
hour cyc le s  a t  2100°F be fo re  t e s t i n g  t o  s imulate  f a b r i c a t i o n  practice. 
Cyclic ox ida t ion  tests w e r e  made on w i r e  bundles,  i n d i v i d u a l l y  he ld  i n  
covered z i r con  ceramic "test tubes,"  as i n  t h e  shee t  specimen tests, 
with a s e p a r a t e  specimen f o r  each alloy-temperature-time combination. 
T e s t  temperatures of 1400, 1600, 1800, 2000, and 2200°F and exposure 
t i m e s  of 4 ,  16, 64, 100, 200, 300, 400, 500, and 600 hours w e r e  employ- 
ed. Specimens were cooled t o  room temperature a f t e r  each t i m e  cycle  t o  
s imulate  t h e  c y c l i c  , r a t h e r  than s t eady- s t a t e ,  heat  exposure expected i n  
hot gas t u r b i n e  service. Addit ional  thermogravimetric analyses  w e r e  
conducted a t  1400, 1600, 1800, 2000, 2100 and 2200°F t o  determine con- 
t inuous weight ga in  as a func t ion  of t i m e  t o  100 hours. Stress rup tu re  
l ives  t o  100 hours w e r e  determined a t  1400, 1600, 1800, and 2000°F and 
s t r e s s -ox ida t ion  tests of 100 hours were conducted a t  60 pe rcen t  of 

lChief P r o j e c t  Engineer, F i l t e r  Divis ion 
2Proj ect Engineer , F i l t e r  Divis ion 
3Staf f M e t a l l u r g i s t ,  Research Laborator ies  
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s t ress - to- rupture .  Specimens w e r e  measured t o  determine s p e c i f i c  weight 
ga in ,  oxide s p a l l i n g ,  and depth of ox ide  pene t r a t ion ,  and samples w e r e  
t e n s i l e  t e s t e d  a t  room temperature t o  determine changes i n  u l t i m a t e  
s t r e n g t h ,  y i e l d  s t r e n g t h ,  and elongat ion.  Metal lographic  examination 
of w i r e  s e c t i o n s  w a s  used t o  show s i g n i f i c a n t  changes due t o  oxida t ion  
and heat ing.  

bu t  s t r e s s - rup tu re  and s t r e s s -ox ida t ion  t e s t i n g  showed a s e r i o u s  stress 
s e n s i t i v i t y  which r e s u l t e d  i n  i n t e r n a l  ox ida t ion  a t  temperatures  above 
1600OF. DH 242 and Has te l loy  X w e r e  comparable i n  performance f o r  t h i s  
app l i ca t ion .  DH 242 i s  s l i g h t l y  more ox ida t ion  and spa11  r e s i s t a n t  bu t  
much weaker than Has te l loy  X i n  t h e i r  u s e f u l  temperature  range below about 
1600-1700°F. 
o t h e r  ox ida t ion  exposure. 
than comparable s h e e t  specimens. 

TD nickel-chromium proved t o  be supe r io r  i n  no-load oxida t ion  tests, 

Cycl ic  ox ida t ion  proved t o  be gene ra l ly  more seve re  than 
Wire specimens w e r e  more seve re ly  oxidized 
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2 INTRODUCTION 

This  experimental  i n v e s t i g a t i o n  w a s  conducted t o  evaluate and 
select metal a l l o y s  which are p a r t i c u l a r l y  s u i t a b l e  f o r  f a b r i c a t i n g  
t r a n s p i r a t i o n  cool ing  materials used i n  high temperature gas  t u r b i n e  
engines.  
and r e t e n t i o n  of mechanical p r o p e r t i e s  of t h e  s e l e c t e d  a l l o y s  a f t e r  cyc- 
l i c  furnace  hea t ing  i n  air. Thermogravimetric ana lyses ,  stress rup tu re  
and stress ox ida t ion  tests w e r e  a l s o  performed. This  r epor t  desc r ibes  
r e s u l t s  and conclusions der ived  from t e s t i n g  0.005-inch diameter w i r e  
specimens. 
screening test program which provided t h e  b a s i s  f o r  a l l o y  s e l e c t i o n  i n  
t h e  p re sen t  i n v e s t i g a t i o n .  

T ransp i r a t ion  cool ing  methods o f f e r  e x c e l l e n t  p o t e n t i a l  f o r  fur -  
t h e r  i nc reas ing  t h e  ope ra t ing  temperature  of ho t  gas  tu rb ines  w h i l e  
minimizing cool ing  air consumption. Porous t r a n s p i r a t i o n  cool ing mate- 
r i a l  c h a r a c t e r i s t i c s  of h igh  s u r f a c e  area t o  volume r a t i o  and s m a l l  pore  
s i z e  enhance cool ing e f f i c i e n c y  but aggravate  oxida t ion  problems. Oxi- 
d a t i o n  cor ros ion  which may be considered minor f o r  s o l i d  o r  s h e e t  metal 
components might s e r i o u s l y  a f f e c t  porous w a l l  s t r e n g t h  and cool ing  a i r  
flow permeabi l i ty .  Therefore ,  ox ida t ion  r e s i s t a n c e  i s  a primary design 
c r i t e r i o n  f o r  t r a n s p i r a t i o n  cool ing material s p e c i f i c a t i o n .  Retent ion 
of good mechanical p r o p e r t i e s ,  e s p e c i a l l y  d u c t i l i t y ,  a f t e r  c y c l i c  heat-  
i ng  and aging is a l s o  necessary ,  but t hese  c h a r a c t e r i s t i c s  are l a r g e l y  
determined by m e t a l  ox ida t ion  r e s i s t a n c e  i n  porous materials. 

and s imi la r  components are t y p i c a l l y  f a b r i c a t e d  from f i n e  w i r e  about 
0.005 inch  i n  diameter. The w i r e  is space-wound i n  a geometric pattern 
(Poroloy"") o r  woven i n t o  mesh and laminated (Rigimesh"", Poroplate"") , 
and f i n a l l y  d i f f u s i o n  bonded t o  provide a porous s t r u c t u r e .  
ties of f i n e  w i r e s  and f i n e  w i r e  s t r u c t u r e s  are not  e a s i l y  ex t r apo la t ed  
from da ta  generated by t e s t i n g  bulk  a l loys .  
mechanical p r o p e r t i e s  may be s u b s t a n t i a l l y  a f f e c t e d  by t h e  a l l o y ' s  pre- 
vious working h i s t o r y  and g r a i n  s t r u c t u r e .  Di f fe rences  i n  d i f f u s i o n  
geometry may cause q u a n t i t a t i v e  d i f f e r e n c e s  i n  oxida t ion  r e s i s t a n c e  be- 
tween w i r e  and s h e e t  o r  b a r  specimens. Therefore ,  t hese  tests are de- 

Major emphasis w a s  placed on measuring ox ida t ion  r e s i s t a n c e  

A previous Summary Report CR-930+ desc r ibes  a s h e e t  specimen 

Transp i r a t ion  cool ing  materials f o r  t u r b i n e  b lades ,  shroud l i n e r s ,  

The proper- 

Oxidation resistance and 

* Inves t iga t ion  of Oxidation Resistant Materials f o r  T ransp i r a t ion  Cooled 
Gas Turbine Blades.  P a r t  I - Sheet Specimen Screening Tests by  
F. W. Cole, J. B. Padden, and A. R Spencer, The Bendix Corporation, 
F i l t e r  Divis ion.  NACA CR-930, 1967. 

Poroloy and Poroplate  are r e g i s t e r e d  trade-names desc r ib ing  space- 
wound w i r e  and laminated woven w i r e  mesh t r a n s p i r a t i o n  cool ing  ma-  
terials, r e spec t ive ly ,  manufactured by  The Bendix Corporation, F i l t e r  
Divis ion.  
woven w i r e  mesh materials manufactured by t h e  P a l l  Corporation, A i r -  
c r a f t  Porous Media Divis ion.  

* 

Rigimesh i s  a r e g i s t e r e d  trade-name desc r ib ing  laminated 

3 



signed t o  compare t h e  s e l e c t e d  m e t a l  a l l o y s  i n  f i n e  w i r e  form f o r  appl i -  
c a t i o n  t o  t r a n s p i r a t i o n  cool ing  m a t e r i a l s  engineer ing.  Much of t h e  test 
d a t a ,  however, should a l s o  be  u s e f u l  f o r  o t h e r  engineer ing a p p l i c a t i o n s .  

s imu la t e  t h e  t y p i c a l  manufacturing d i f f u s i o n  bonding o r  s i n t e r i n g  oper- 
a t i o n .  Oxidation cyc l ing  tests w e r e  conducted at  1400, 1600, 1800, 2000, 
2100 and 2200'F f o r  exposure t i m e s  of 4, 16,  64, 100, 200, 300, 400, 
500 and 600 hours.  
cedures ,  w e r e  t h e  same as those  used i n  t h e  prev ious  screening  tests on 
shee t  m e t a l  specimens, and r ep resen t  t h e  range of i n t e r e s t  f o r  appl i -  
c a t i o n  t o  h igh  temperature  gas  tu rb ines .  Each specimen w a s  t e s t e d  as a 
bundle of w i r e s  h e l d  i n  a s e p a r a t e ,  covered z i r con  ceramic thimble o r  
"test tube" which w a s  designed t o  a l low convect ive a i r  c i r c u l a t i o n  and 
ca t ch  oxide s p a l l .  A f t e r  ox ida t ion  exposure,  each w i r e  specimen w a s  
examined and t e s t e d  t o  determine t o t a l  ox ida t ion  weight g a i n  and s p a l l i n g ,  
depth of oxide p e n e t r a t i o n  by meta l lographic  s e c t i o n ,  and mechanical 
p r o p e r t i e s  of y i e l d  s t r e n g t h ,  u l t i m a t e  s t r e n g t h  and percentage e longat ion .  
Separa te  w i r e  specimens w e r e  t e s t e d  f o r  continuous ox ida t ion  weight ga in  
by thermogravimetric a n a l y s i s ,  stress rup tu re  t o  100 hours,  and stress 
ox ida t ion  i n  t h e  temperature  range of 1400 through 2000'F. 

This  F i n a l  Report (Par t  Two, Wire Specimen Tests) i s  organized i n  
p a r a l l e l  t o  t h e  earlier Summary Report CR-930 (Pa r t  One, Sheet Specimen 
Screening Tests) which w a s  t he  b a s i s  f o r  w i r e  a l l o y  s e l e c t i o n  and which 
supplements t h i s  r epor t .  Tables and f i g u r e s  which d i r e c t l y  i l l u s t r a t e  
t he  t e x t  and compare a l l o y  specimen performance are c o l l e c t e d  at  t h e  
end of t h e  t e x t  and are l a b e l e d  according t o  t h e  r e l evan t  s e c t i o n  number 
of t h e  t e x t .  Addi t iona l  t a b l e s  and f i g u r e s  are presented  i n  appendixes. 
The appendixes are supplementary i n  c h a r a c t e r  and p resen t  a d d i t i o n a l  
d a t a ,  photomicrographs, and p l o t t e d  curves t o  f u r t h e r  i l l u s t r a t e  test 
r e s u l t s  and conclusions.  

A l l  w i r e s  t e s t e d  w e r e  h e a t  t r e a t e d  i n  dry  hydrogen at  2100'F t o  

Temperatures and t i m e s ,  as w e l l  as gene ra l  test pro- 
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3 WIRE PROCUREMENT 

S p e c i f i c a t i o n  of t h e  fou r  a l l o y s  t e s t e d  i n  w i r e  form w a s  based on 
t h e  r e s u l t s  of previous shee t  specimen screening tests conducted wi th  
twelve a l loys .  
from t h e  supera l loy  and res i s tance-hea t ing  a l l o y  family,  are l i s t e d  
below. 

These a l l o y s ,  which represent  a cross-sect ion chosen 

1. N 155. . . . . . . . . . . .  21Cr-20Ni-20Co-3Mo-2.5W-Fe 
2. TD n i cke l .  . . . . . . . . .  2Th02-Ni 
3. TD nickel-chromium . . . . .  2Th02-20Cr-Ni 
4. Bendel 65-35 . . . . . . . .  3 Spinel-35Cr-Ni 
5. Chrome1 A. . . . . . . . . .  2OCr-Ni 
6. DH 242 . . . . . . . . . . .  20Cr-1Cb-Ni 
7. GE 1541. . . . . . . . . . .  15Cr-4Al-lY-Fe 
8. Hoskins 875. . . . . . . . .  23Cr-6Al-Fe 
9. RA 333 . . . . . . . . . . .  18Cr-3Mo-3W-3Co-Fe 
10. Haste l loy  X. . . . . . . . .  22Cr-18.5Fe-9Mo-1.5Co-Ni 
11. Udimet 500 . . . . . . . . .  19Cr-19.5Co-4Mo-3Ti-3Al-Ni 
12. Haynes 25. . . . . . . . . .  20Cr-15W-lONi-Co 

The a l l o y  numbers one through twelve assigned i n  t h i s  l i s t  are 
referenced throughout t h e  previous summary r epor t  and w i l l  a l s o  be  used 
i n  t h i s  r epor t  f o r  a l l o y  i d e n t i f i c a t i o n .  The four  a l l o y s  s e l e c t e d  from 
t h i s  group f o r  f u r t h e r  t e s t i n g  i n  w i r e  form w e r e  (1) N 155, (3) TD 
nickel-chromium, (6) DH 242, and (10) Hastel loy X. Se l ec t ion  w a s  based 
on cons idera t ions  of ox ida t ion  r e s i s t a n c e  and r e t e n t i o n  of good mechanical 
p r o p e r t i e s  a f t e r  c y c l i c  hea t ing  of t h e  shee t  specimens. Alloy N 155 w a s  
included as a "base-line" material f o r  comparison purposes. 
1541was no t  t e s t e d  i n  w i r e  form because i t  w a s  not  recognized t o  be a 
supe r io r  a l l o y  u n t i l  a f t e r  w i r e  tests w e r e  w e l l  under way. 

Alloy w i r e s  N 155 , DH 242, and Hastel loy X w e r e  procured from 
Bendix F i l t e r  Divis ion s tock.  These a l l o y  w i r e s  are commonly used f o r  
t r a n s p i r a t i o n  cool ing materials f a b r i c a t i o n  and vendor c e r t i f i e d  s tocks  
are normally kept  f o r  production requirements. 
w a s  purchased from Hoskins Manufacturing Company who w e r e  f i r s t  t o  draw 
0.005-inch diameter w i r e  from t h i s  material. 
of t h e  a l l o y  w i r e s  t o  v e r i f y  t h e i r  documentation, each a l l o y  w a s  analyzed 
t o  v e r i f y  i ts  composition and t e n s i l e  t e s t e d  t o  determine i t s  mechanical 
p rope r t i e s .  
s p e c i f i e d  o r  c e r t i f i e d  composition f o r  each a l l o y  w i r e  wi th  t h e  compo- 
s i t i o n  determined by w e t  chemical ana lys i s .  Wire s u p p l i e r s ,  m i l l  certi- 
f i c a t i o n s ,  and similar data are a l s o  given. Yield s t r e n g t h ,  u l t ima te  
s t r e n g t h ,  and percentage e longat ion  f o r  "as received" and "as s in t e red"  
wire specimens are compared i n  Table 4-2. A l l  w i r e  l o t s  w e r e  accepted 
f o r  f u r t h e r  t e s t i n g  i n  t h i s  program. 

Alloy GE 

Alloy TD nickel-chromium 

Af te r  receipt and in spec t ion  

These test r e s u l t s  are shown i n  Table 3-1 which compares 
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Wire drawing procedures w e r e  r o u t i n e  f o r  a l l  a l l o y s  except TD 
n i  c ke 1- chromium 
w i r e  cons i s t ed  of success ive  draws from 1/4-inch rod t o  about 0.050 w i r e ,  
us ing s u l f u r - f r e e  calcium stearate powder, followed by n i t r i c -hydroch lo r i c  
a c i d  p i c k l i n g  and f u r t h e r  drawing i n  c h l o r i n a t e d  o i l  l u b r i c a n t  t o  f i n a l  
0.005-inch diameter s i z e .  About 50-70 percent  r educ t ion  i n  c r o s s  s e c t i o n  
area w a s  allowed between anneal ing cyc le s  which w e r e  accomplished a t  
2000-2100°F i n  a d i s s o c i a t e d  ammonia atmosphere. TD nickel-chromium 
a l l o y  w a s  ho t  swaged from 1 / 2  inch  t o  0.090 inch  diameter rod a t  2000°F. 
The break-down s t o c k  w a s  hot  drawn with a g r a p h i t e  coa t ing  at 2000°P t o  
0.030 s i z e ,  p i ck led  i n  n i t r i c -hydroch lo r i c  a c i d ,  and cold drawn t o  f i n a l  
0,005-inch diameter using ch lo r ina t ed  o i l  l u b r i c a n t .  Only about 22 percent  
area reduct ion w a s  allowed between anneal ing cyc le s  a t  190O0F. 
breakage w a s  comparatively f r equen t ,  probably because of vo ids ,  i n c l u s i o n s  
and t h o r i a  clumping i n  t h e  w i r e .  Continuous l eng th  w i r e  spoo l s  of less 
than one pound w e r e  t y p i c a l  f o r  TD nickel-chromium compared t o  f i v e  pound 
and l a r g e r  spoo l s  f o r  N 155, DH 242 and Hastel loy X. 

T p i c a 1  procedure f o r  N 155, DH 242, and Hastel loy X 

Wire 
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4 EXPERIMENTAL PROCEDURE 

Test procedures were designed to simulate, within practicable 
limits, those conditions expected to arise in future utilization of the 
alloys. Wires were heat treated before testing to simulate typical pro- 
duction sintering o r  diffusion bonding processes and resultant annealing 
and grain growth expected in fabricated transpiration cooling materials. 
Furnace oxidation tests were conducted with cyclic heating and cooling 
of all specimens at each time interval to roughly simulate the on-off 
cycle of a hot gas turbine. All alloy wires were tested together to 
allow direct comparison of results. 

4.1 Specimen Preparation 

Wire samples of each alloy, (1) N 155, (3) TD nickel-chromium, 
( 6 )  DH 242, and (10) Hastelloy X, were inspected and selected for testing. 
Wire diameters were measured with a micrometer to the nearest 0.0001 inch 
and results were recorded. All wires were within normal tolerances 
(k0.0005 inch) of 0.005 inch in diameter. Continuous lengths ofz';wire 
suitable for each test were sonic cleaned in hot trichlorethylene to 
remove residual drawing compounds or other extraneous surface contamina- 
tion. Acetone rinsing was used to insure the absence of chloride 
residues. All wire specimens were heat treated before testing. The 
sintering cycle typically employed 
type transpiration cooling materials was used to simulate annealing and 
grain growth effects expected in fabricated structures. Heat treatment 
consisted of two four-hour cycles at 2100°F in dry hydrogen (below -80°F 
,dewpoint) with cooling to room temperature after each cycle. Wires were 
racked on fixtures to minimize contact or wire kinks and to provide a 
straight, undisto ted sample for stress rupture tests. All wire speci- 
mens were clean and bright after simulated sintering. A comparison of 
wire microstructures showing the "as received" condition and the affect 
of subsequent simulated sintering is shown in the photomicrographs of 
Appendix 3 ,  Metallographic Examination. Metallographic specimen prep- 
aration is outlined in Table 4-1, Metallographic Etchant Schedule. The 
effect of sintering on wire specimen mechanical properties ~ s ~ s h o w n  in 
Table 4-2, Mechanical Properties of Wire Specimens. 

to bond space-wound or woven wire- 

f 

4.2 Cyclic Oxidation Tests 

All cyclic oxidation tests were conducted in a manner similar to 
that reported for sheet specimens in the previous Summary Report CR-930. 
Wire specimens consisted of loose bundles about six inches long and one 
half inch in diameter containing approximately 100 feet of 0.005-inch 
diameter wire which weighed about three grams. 
large as practical to minimize weighing errors. Each wire bundle was 

Samples were made as 
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contained i n  a s e p a r a t e  z i r con  ceramic thimble during ox ida t ion  cyc l ing  
t o  c o l l e c t  spa11 and avoid extraneous contamination. The thimbles are 
shaped l i k e  test tubes 0.88 O.D.  x 0.75 I . D .  x 7 inches long with a f l a t  
d i s c  l i d  and having fou r  0.13-inch a i r - c i r c u l a t i n g  h o l e s  d r i l l e d  nea r  t h e  
top  and bottom as shown i n  Figure 4-1. Prel iminary tests with mild steel 
s h e e t  samples showed t h a t  t h i s  arrangement a l lows s u f f i c i e n t  a i r  convec- 
t i o n  so  t h a t  r e s u l t s  are e s s e n t i a l l y  equ iva len t  t o  open a i r  oxidat ion.  
Zircon base  ceramic material (Zr02.Si02, Leco 528-125) w a s  chosen t o  
minimize f lux ing  o r  o t h e r  i n t e r a c t i o n  between metal oxides  and t h e  
thimble. A l l  thimbles were hard f i r e d  a t  2900'F and baked o u t  a t  1400'F 
t o  constant  weight be fo re  using. Each w i r e  bundle and thimble w a s  
weighed t o  0 .1 mg and s t o r e d  i n  a d e s s i c a t o r  pending ox ida t ion  t e s t i n g .  

Thimbles containing w i r e  bundle specimens of each a l l o y  w e r e  ver- 
t i c a l l y  supported i n  a 2 x 7 a r r a y  i n  a s p e c i a l  rack made from 0.19-inch 
diameter type 330 s t a i n l e s s  s teel  rod t o  minimize con tac t  area between 
racks and thimbles. Ten openings w e r e  used f o r  thimbles containing 
a l l o y  samples as shown by number i n  Figure 4-1. Two openings w e r e  used 
f o r  empty c o n t r o l  thimbles t o  check thimble weight changes due t o  heat-  
ing.  The las t  two openings i n  t h e  rack c e n t e r  w e r e  used f o r  dummy 
thimbles containing i n s e r t e d  thermocouples t o  s imulate  and monitor 
specimen temperature. 
arranged on a movable skid-pan, allowing one set f o r  each t i m e  cyc le  
and one spa re  o r  check set .  
f o r  1400 and 1600'F tests and 1\14 G a  chromel-alumel f o r  t h e  higher  t e m -  
p e r a t u r e s .  Thermocouples from each rack were connected t o  a c e n t r a l  
potentiometer-recorder which continuously monitored t h e  temperature of 
each specimen set. 
furnaces  with 1 3  x 16 x 48 inch type  330 s t a i n l e s s  steel muff les ,  l oose ly  
blocked with f i r e - b r i c k ,  w e r e  used t o  maintain temperatures wi th in  21.0 
percent  of t h e  nominal s e t t i n g .  Two furnaces  w e r e  used t o  expedi te  
test ing  e 

Oxidation cyc l ing  procedure cons i s t ed  of a d j u s t i n g  t h e  furnace t o  
t h e  required temperature with a p ropor t iona l  c o n t r o l l e r  set t o  minimize 
temperature f l u c t u a t i o n s .  Prepared sample skid-pans w e r e  loaded with 
a f o r k - l i f t  d o l l y  i n t o  t h e  furnace and power w a s  f i r s t  increased and 
then backed-off t o  "meet" t h e  temperature t o  minimize l ag .  
recovery t i m e  w a s  less than one hour f o r  a l l  runs.  Af t e r  exposure f o r  
the r equ i r ed  t i m e ,  t h e  skid-pan w a s  removed and a l l  sample sets were 
cooled t o  room temperature i n  about one hour i n  s t i l l  a i r  under ambient 
cond i t ions .  The assigned r ack  w a s  then removed t o  a d e s s i c a t o r  f o r  
f u t u r e  examination and t h e  o t h e r  samples w e r e  re turned t o  t h e  furnace.  
Th i s  procedure w a s  repeated f o r  each t i m e  i n t e r v a l  of 4 ,  16 ,  6 4 ,  100, 
200, 300, 400, 500, and 600 hours and f o r  each temperature of 1400, 
1600, 1800, 2000, 2100, and 2200'F. 

Five r acks  con ta in ing  t e n  a l l o y  sample sets w e r e  

Thermocouples w e r e  1\24 G a  chromel-alumel 

Automatically c o n t r o l l e d  and recording e lec t r ic  

F u l l  furnace 
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4 . 3  Specimen Examination and Tes t ing  

A f t e r  o x i d a t i o n  exposure, each sample set o f  f o u r  a l l o y  w i r e  bundles 
and thimbles w a s  s t o r e d  i n  a d e s s i c a t o r  pending la ter  weighing, examina- 
t i o n  and tensile t e s t i n g .  The fol lowing c h a r a c t e r i s t i c s  w e r e  determined 
f o r  each a l l o y  a f t e r  each temperature-time ox ida t ion  per iod,  

(1) 
(2) 
( 3 )  
( 4 )  

T o t a l  ox ida t ion  weight gain and oxide s p a l l  weight 
Change i n  w i r e  diameter and s u r f a c e  oxide c h a r a c t e r i s t i c s  
Oxide p e n e t r a t i o n  and a l l o y  mic ros t ruc tu re  
Mechanical p r o p e r t i e s  a t  room temperature 

-Each a l l o y  wire-thimble combination 
w a s  weighed t o  0.1 mg t o  determine t o t a l  ox ida t ion  weight ga in  and amount 
of oxide s p a l l i n g .  
i n d i r e c t  o r  d i f f e r e n c e  weighing w a s  a l s o  used t o  provide a check a g a i n s t  
e r r o r ,  The weighing procedure followed t h i s  sequence: 

thimble + s p a l l  + w i r e  

Data w e r e  determined by d i r e c t  weighing although 

(1) 
(2) w i r e  
( 3 )  thimble + s p a l l  
( 4 )  s p a l l  
(5) thimble 

The thimble,  s p a l l  and w i r e  (1) w e r e  weighed toge the r .  Then t h e  w i r e  
(2) w a s  removed, along with adherent oxides ,  and weighed s e p a r a t e l y .  
The remaining s p a l l  and thimble ( 3 )  w e r e  weighed. The s p a l l  ( 4 )  w a s  
removed from t h e  thimble wi th  a s o f t  brush and weighed, F i n a l l y ,  t h e  
empty thimble (5) w a s  weighed alone. These redundant weighings pro- 
v i d e  f o r  checking e r r o r s  due t o  acc iden t  o r  oxide l o s s  because of s t i c k -  
i ng  t o  t h e  thimble. 

T o t a l w e i g h t g a i n  and s p a l l  weight w e r e  determined from t h e s e  data .  
Direct weights were used throughout t h i s  series of tests, 
ga in  w a s  considered equal  t o  t h e  i n c r e a s e  i n  weight of thimble + s p a l l  
+ w i r e  (1) compared t o  t h e  o r i g i n a l  t o t a l  weight of t h e  thimble and w i r e  
bundle specimen. S p a l l  w a s  d i r e c t l y  determined from s p a l l  weight ( 4 )  
a t  t h e  lower temperatures.  A t  temperatures of 1800OF and higher ,  t h e  
w i r e  bundle w a s  p a r t i a l l y  broken by ox ida t ion  and w i r e  p i eces  w e r e  d i f -  
f i c u l t  t o  s e p a r a t e  from t h e  s p a l l  f o r  weighing. S p a l l  weights w e r e  no t  
s e p a r a t e l y  determined f o r  t h e s e  runs. 

T o t a l  weight 

-Unbroken w i r e  bundles 
w e r e  remeasured w i t h  a micrometer t o  determine changes i n  diameter due 
t o  oxidat ion.  Surface oxides w e r e  examined b u t  w e r e  n o t  considered t o  
b e  s u i t a b l e  f o r  photographic reproduction. 
graphs w e r e  used t o  show oxide cha rac t e r .  
f o r  mechanical t e s t i n g .  

Cross s e c t i o n  photomicro- 
Wire specimens were s e l e c t e d  
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4.3.3 Metallographic examination.-Metallographic samples were 
selected from each wire bundle specimen. Wires were vertically mounted 
in lucite between stainless steel support shims. 
painted on each wire sample bundle to eliminate bubbles and to preserve 
the fragile oxide layer. Samples were segregated according to alloy. 
Grinding and polishing procedure was routine, finishing with Linde B. 
Specimens were unetched except for the longitudinal sections of "as 
received" and "as sintered" wires showing grain structure comparison. 
These etchants are given in Table 4-1. 

mal, reflected light. Oxide layer thickness and residual metal cross 
section was measured directly from the photomicrographs by comparison 
with a stage micrometer photomicrograph at the same magnification. 
lographic examination of thermogravimetric analysis (TGA) specimens and 
stress oxidation wire samples, described in Sections 4.4 and 4.6, res- 
pectively, was conducted using the same procedure. 

Liquid lucite was 

Oxidized wires were observed and photographed at 500 X using nor- 

Metal- 

4.3.4 Tensile tests.-Wire samples from the cyclic oxidation tests 
were tensile tested to show changes in mechanical properties caused by 
oxidation and heat exposure. 
rubber-padded plate jaws faced with fine emery paper to prevent wire 
slippage. 
testing machine to provide a continuous stress-strain curve for each 
specimen. Ultimate tensile strength and yield strength (0.2 percent 
offset) were determined on the basis of original wire diameter. 
ation was measured directly from the stress-strain curve. Additional 
tests were conducted on TGA, stress oxidation, ''as received", and "as 
sintered" specimens for comparison purposes. 

One inch gage lengths were held between 

Specimens were pulled at 0.050 inches/minute on an Instron 

Elong- 

4.4 Thermogravimetric Analyses 

Thermogravimetric analyses (TGA) were conducted on sample wires of 
each alloy for the purpose of determining conventional oxidation rates 
in comparison to cyclic oxidation data. Specimen wires about 100 inches 
in length were coiled and suspended vertically in an electric tube fur- 
nace and connected with a platinum wire to a Cahn Electrobalance having 
0.1 vg sensitivity. Each specimen was tested separately. Furnace and 
balance suspension were enclosed to minimize chimney effects in the am- 
bient air atmosphere. The system was calibrated in place against the 
wire sample, which was previously weighed to 0.1 mg, in the cold furnace. 
After calibration and check out, the furnace was turned on. Heat-up to 
testing temperature required approximately 30 minutes. Furnace temper- 
ature in the specimen zone was automatically controlled and recorded as 
a function of time and data were read from the strip chart at 1, 2, 4 ,  
8, 16, 32, 50, 75, and 100 hours at test temperatures of 1400, 1600, 
1800, 2000, 2100, and 2200OF. After TGA tests were completed, specimen 
wires were examined metallographically and tensile tests were conducted. 
Apparatus is shown in Figure 4-2. 
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4.5 S t r e s s  Rupture T e s t s  

Stress rup tu re  l i v e s  up t o  100 hours w e r e  determined f o r  each a l l o y .  
Specimen w i r e s  w e r e  about t h r e e  f e e t  i n  length  wi th  about s i x  inches con- 
t a ined  i n  t h e  hot  zone. Apparatus cons i s t ed  of an au tomat ica l ly  control-  
l e d  h o r i z o n t a l  tube furnace  with s ix  thermocouple s t a t i o n s  wi th in  t h e  hot  
zone. T e s t  zone temperatures w e r e  continuously recorded. Wire specimens 
w e r e  s t rung  through t h e  s p l i t  s h e l l  furnace and one w i r e  end w a s  fas tened  
wi th  s p l i t  shot  t o  a spring-loaded microswitch which con t ro l l ed  an auto- 
matic i n t e r v a l  t i m e r .  
b a l l  bear ing pul ley .  
t o  con t r ibu te  less than  10.0 mg e r r o r .  
t i m e  wi th  fou r  p a r a l l e l  switch-pulley systems t o  a l low d i r e c t  comparison 
of data .  
T e s t s  were made t o  provide fou r  d a t a  p o i n t s  f o r  each a l l o y  wi th in  t h e  
100 hour t i m e  range a t  temperatures of 1400, 1600, 1800, and 2000'F. 

The o the r  w i r e  end w a s  dead weight loaded over a 
The pu l l ey  system w a s  t e s t e d  f o r  drag and w a s  found 

Four w i r e s  were t e s t e d  a t  one 

A schematic diagram of t h i s  equipment is  shown i n  Figure 4-1. 

4 . 6  S t r e s s  Oxidation Tests 

A f t e r  determinat ion of t h e  stress t o  rup tu re  a t  100 hours f o r  each 
of t h e  a l l o y  w i r e s ,  a d d i t i o n a l  tests, us ing  t h e  s a m e  apparatus ,  were made 
t o  i n v e s t i g a t e  t h e  e f f e c t  of stress on oxida t ion  rate. Three w i r e  speci-  
mens of t h e  s a m e  a l l o y  were s t rung  i n  t h e  tube furnace as i n  t h e  stress 
rup tu re  tests and were loaded a t  60 percent  of t h e  stress l e v e l  determined 
f o r  100 hour l i f e .  Each a l l o y  w a s  t e s t e d  f o r  100 hours a t  temperatures 
of 1400, 1600, 1800, and 2000'F. Af t e r  stress oxida t ion  exposure, each 
specimen w a s  meta l lographica l ly  examined and t e n s i l e  t e s t e d .  
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5 RESULTS AND DISCUSSION 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  provide supplementary 
engineering d a t a  t o  e v a l u a t e  and compare f o u r  a l l o y s ,  N 155, TD nickel-  
chromium, DH 242, and Hastel loy X,  which w e r e  chosen as "best-compromise" 
a l l o y s  f o r  t r a n s p i r a t i o n  cool ing material a p p l i c a t i o n s .  These f o u r  a l l o y s  
were s e l e c t e d  from a group of twelve candidates  on t h e  b a s i s  of earlier 
tests, descr ibed i n  t h e  previous Summary Report CR-930, which compared 
s h e e t  specimen o x i d a t i o n  resistance and r e t e n t i o n  of good mechanical prop- 
erties. The p resen t  tests were conducted wi th  0.005-inch diameter w i r e .  
Wire tests were considered t o  be  necessary because f i n e  w i r e s  w e r e  expec- 
t ed  t o  have q u a n t i t a t i v e l y  d i f f e r e n t  ox ida t ion  r e s i s t a n c e  and mechanical 
p r o p e r t i e s  compared t o  t h e  same a l l o y  i n  s h e e t  metal form. This  d i f f e r e n c e  
i s  a t t r i b u t a b l e  t o  both d i f f u s i o n  geometry d i f f e r e n c e  and a l l o y  working 
h i s t o r y  d i f f e r e n c e s .  Test ing f i n e  wires al lows d i r e c t  a p p l i c a t i o n  of t h e  
r e s u l t a n t  d a t a  t o  t h e  problem of a l l o y  s e l e c t i o n  and p r e d i c t i o n  f o r  f a b r i -  
ca t ed  wire-type t r a n s p i r a t i o n  cooling materials such as Poroloy o r  Rigimesh 
and Poroplate ,  and may assist i n  t h e  i n t e r p r e t a t i o n  and e x t r a p o l a t i o n  of 
e x i s t i n g  convent ional  test da ta .  

ing material a l l o y  s e l e c t i o n .  
a i r  consumption r e q u i r e s  ope ra t ion  a t  t h e  h ighes t  p o s s i b l e  temperature. 
Excessive ox ida t ion  l i m i t s  service l i f e ,  decreases  a i r  flow permeabi l i ty ,  
and causes mechanical degradat ion of t h e  porous material. Retent ion of 
s t r e n g t h  and d u c t i l i t y  during ox ida t ion  and hea t ing  is  more important 
than i n i t i a l l y  high mechanical p r o p e r t i e s  a lone.  
i s  e s p e c i a l l y  necessary t o  avoid cracking from c y c l i c  hea t ing  and cool ing 
o r  f o r e i g n  o b j e c t  damage. F i n a l l y ,  manufacturing c h a r a c t e r i s t i c s  must be  
considered. 
formed and f a b r i c a t e d  i n t o  u s e f u l  hardware a t  a n  economically f e a s i b l e  
cos t .  This i n v e s t i g a t i o n  w a s  designed t o  test  a l l o y  p r o p e r t i e s  r e l a t e d  
t o  t h e s e  c r i te r ia  which are e s s e n t i a l l y  p e r t i n e n t  f o r  t r a n s p i r a t i o n  cool ing 
material a l l o y  s p e c i f i c a t i o n .  

T e s t  d a t a  comparisons of N 155 (base l i n e  a l l o y ) ,  TD nickel-chromium, 
DH 242,  and Hastel loy X are given i n  t h e  t e x t .  
graphs f o r  each a l l o y  are presented i n  appendixes. A l l  numerical d a t a  
are reduced and t abu la t ed  i n  Appendix 1, "Numerical Data Tabulation". 
T o t a l  ox ida t ion  weight g a i n  ( c y c l i c  and s teady state) and oxide spa11 
weight are p l o t t e d  as a f u n c t i o n  of t i m e  f o r  each a l l o y  with temperature 
as a parameter, f o r  both w i r e  and previously t e s t e d  s h e e t  specimens, i n  
Appendix 2,  "Alloy Oxidation Plots" .  Photomicrographs of w i r e  specimens 
showing "as received" and "as s in t e red"  mic ros t ruc tu re ,  c y c l i c  o x i d a t i o n  
and pene t r a t ion ,  s t eady- s t a t e  (TGA) ox ida t ion ,  and s t r e s s -ox ida t ion  char- 
acterist ics are shown i n  Appendix 3 ,  "Metallographic Examination". S t r e s s  
r u p t u r e  l i f e  and t e n s i l e  test data are given i n  Appendix 4 ,  "Mechanical 
Propert ies" .  Oxide p e n e t r a t i o n  i s  shown i n  Appendix 5 ,  "Oxidation Pene- 
t r a t i o n  Plots".  

Oxidation r e s i s t a n c e  is  a primary c r i t e r i o n  f o r  t r a n s p i r a t i o n  cool- 
Maximum e f f i c i e n c y  w i t h  minimum cool ing 

Good d u c t i l i t y  r e t e n t i o n  

Alloys must be  drawn i n t o  f i n e  w i r e ,  wound o r  woven, s i n t e r e d ,  

De ta i l ed  d a t a  and photo- 
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5.1 Cycl ic  Oxidation and S p a l l  

T o t a l  ox ida t ion  weight g a i n  ( including s p a l l e d  oxides) w a s  de t e r -  
mined f o r  w i r e  bundle specimens r ep resen t ing  each alloy-temperature-time 
combination. S p a l l  w a s  s e p a r a t e l y  determined f o r  t h e  1600°F temperature 
only; a t  1400'F s p a l l  w a s  n e g l i g i b l e ,  wh i l e  a t  1800'F and higher  s p a l l  
w a s  d i f f i c u l t  t o  s e p a r a t e  from broken w i r e  segments which occurred i n  
most specimens. 
from d i r e c t  weight d a t a  using t h e  a c t u a l  micrometer measurements (ItO.0001 
inch)  as t h e  b a s i s  f o r  c a l c u l a t i n g  area. S p e c i f i c  weight ga in  comparisons 
of each a l l o y  w i r e  are shown as a f u n c t i o n  of t i m e  f o r  each temperature 
from 1400 t o  2200°F i n  Figures  5.1-1 through 5.1-6. S p e c i f i c  oxide s p a l l  
a t  1600°F is  shown f o r  each a l l o y  i n  Figure 5.1-7. A l l  d a t a  are shown as 
f a i r e d  power-function p l o t s  on log-log g r i d s .  The r e s u l t a n t  l i n e a r  rela- 
t i o n s h i p  f o r  most tests suggests  t h a t  d i f fus ion -con t ro l l ed  ox ida t ion  
k i n e t i c s  predominated, i n  which expected p a r a b o l i c  rate l a w  models w e r e  
modified by a l l o y  complexity and test cond i t ions  such as oxide s p a l l i n g  
from c y c l i c  hea t ing  and cool ing.  Similar  p l o t s  f o r  each a l l o y  wi th  t e m -  
p e r a t u r e  as a parameter are shown i n  Appendix 2, "Alloy Oxidation Plots" ,  
Figures  A2-1 through A2-4. 
forms are shown f o r  each a l l o y  wi th  temDerature as a parameter i n  Fig- 
u re s  82-5 through A2-8. 
earlier Summary Report CR-930. 

through 5.1-7 are i d e n t i f i e d  according t o  t h e  a l l o y  number sequence o r i -  
g i n a l l y  ass igned i n  t h e  Summary Report CR-930 and repeated i n  Sect ion 3, 
Wire Procurement": (1) N 155, (3) TD nickel-chromium, (6) DH 242, and 

(10) Hastel loy X. A t  1400'F a l l o y  ox ida t ion  r e s i s t a n c e  sequence i s  3 ,  
6 ,  10,  1 i n  o rde r  of decreasing performance. TD nickel-chromium i s  c l e a r l y  
supe r io r  a t  t h e  longes t  ox ida t ion  t i m e s  which are considered t o  be  most 
s i g n i f i c a n t  f o r  engineering purposes. Oxidation ra te  s l o p e s  of s p e c i f i c  
weight /cycle  time are a l s o  s i g n i f i c a n t  s i n c e  lower s lopes  i n d i c a t e  slower 
ox ida t ion  rates. 
higher  temperatures as w e l l .  TD nickel-chromium r e t a i n s  i t s  comparative 
s u p e r i o r i t y  through 2200°F. 
1800"F, b u t  t h e  former a l l o y  shows sha rp ly  increased ox ida t ion  rates a f t e r  
64-100 hours a t  2000-2100°F, probably because of increased s p a l l i n g .  The 
same degradat ion i s  shown by base l i n e  a l l o y  N 155 beginning a t  1600°F 
and 200 hours.  A l l  a l l o y s  except TD nickel-chromium "top-off" a t  t h e  h ighes t  
temperatures and longes t  t i m e s  a t  a n  ox ida t ion  weight ga in  near  50-70 
mg/in2. 
w i r e .  
pa rab le  ranking of 3,  6 ,  1, 10, support ing t h e s e  conclusions.  

The c y c l i c  ox ida t ion  rate p l o t s  of Appendix 2 ,  Figures  A2-5 through 
A2-8, show a comparison of w i r e  and s h e e t  specimens f o r  each a l l o y  a t  each 
test temperature. Oxidation rate s l o p e  and cons t an t  gene ra l ly  tend t o  
i n c r e a s e  wi th  inc reas ing  temperature. Wire specimens gene ra l ly  ox id i ze  

S p e c i f i c  weight g a i n  o r  s p a l l  pe r  u n i t  area w a s  c a l c u l a t e d  

Comparisons of both w i r e  and s h e e t  specimen 

The s h e e t  d a t a  were determined and given i n  t h e  

The comparative ox ida t ion  and s p a l l  rates shown i n  Figures  5.1-1 

I 1  

The 1400°F ranking of a l l o y s  gene ra l ly  holds  f o r  t h e  

Hastel loy X and DH 242 are nea r ly  equal  a t  

This l i m i t  i n d i c a t e s  v i r t u a l l y  complete ox ida t ion  of t h e  m e t a l  
The s p a l l  d a t a  shown i n  Figure 5.1-7 f o r  1600°F i n d i c a t e s  a com- 
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more rapidly than sheet specimens of the same alloy at the higher tempera- 
tures and longer times. With few exceptions, wire slopes are greater 
than sheet specimen slopes. 
is diffusion controlled, these characteristic differences are probably 
due to geometry differences rather than differences in test conditions 
or alloy make-up. 
with a comparatively large thickness and mass which acts as a "sump" for 
outwardly diffusing elements such as chromium. 
mate an infinite cylinder model with small diameter and mass which results 
in a larger concentration or activity gradient for diffusing species. 
This results in generally higher oxidation rates, especially for longer 
times and higher temperatures, which must be considered in the extrapola- 
tion of oxidation data for fine wires. 

Since oxidation of these nickel-base alloys 

Sheet specimens approximate an infinite slab model 

Wire specimens approxi- 

5.2 Thickness and Surface Examination 

Micrometer measurements of the wire diameter after oxidation were 
not considered to be significant. 
by the micrometer anvil and readings were inconsistent. Therefore, thick- 
ness changes were determined by measurement of the metallographic sections 
shown in Appendix 3 only. 
photographically because the large curvature of the 0.005-inch diameter 
wire made focusing of the image in one plane impossible. 
tion showed textures and general appearance to be essentially similar to 
previous sheet specimen observations. 

The fragile oxide skin was crushed 

Surface oxide appearance was not reproduced 

Visual examina- 

5 . 3  Metallographic Examination 

Photomicrographs are reproduced in Appendix 3, "Metallographic 
Examination", which show wire alloy microstructure in the ''as received" 
condition and which show grain growth due to the "simulated sintering" 
cycle employed with all specimens. Additional photomicrographs demon- 
strate progressive attack and penetration of each alloy wire during cyclic 
oxidation. These photomicrographs were measured to obtain the data dis- 
played in Appendix 5, "Oxidation Penetration Plots", which shows oxide 
penetration and growth as a function of time for each alloy and tempera- 
ture. 

The "as received'' 
and "as sintered" specimens, shown in longitudinal section to demonstrate 
the wire microstructure, indicate the expected transition from an ill- 
defined wrought structure containing carbides and other inclusions to a 
distinctly granular structure after sintering having discontinuous grain 
boundaries. Cyclic oxidation specimens are shown in transverse section 
to display oxide growth and penetration. At 1400'F oxide skin growth is 
steady and small with no visible penetration, internal oxidation, or sig- 
nificant microstructural changes in the unetched section. 

Photomicrographs of TGA and stress-oxidation samples are also shown. 
Alloy 1, N 155, is shown in Figure series A3-1. 

At 160O0F minor 
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p e n e t r a t i o n  begins a f t e r  about 100 hours and cons ide rab le  oxide growth 
is  v i s i b l e  a f t e r  300 hours. A t  1800°F oxide growth is immediate, i n t e r -  
n a l  ox ida t ion  and p e n e t r a t i o n  i s  s i g n i f i c a n t  a f t e r  100 hours ,  and oxi- 
d a t i o n  a t t a c k  is  v i r t u a l l y  complete by 400 hours. 
t h e  w i r e  i s  oxidized almost immediately. TGA specimens a t  100 hours are 
gene ra l ly  less s e v e r e l y  oxidized than  c y c l i c  ox ida t ion  specimens. 
1400 and 1600°F l i t t l e  a t t a c k  i s  apparent ,  b u t  1800 and 2000°F specimens 
show heavy and severe oxidat ion.  S t r e s s  ox ida t ion  specimens a f t e r  100 
hours are g e n e r a l l y  comparable t o  t h e  o the r  specimens a t  t h e  same t i m e  
except that ox ida t ion  i s  v i s i b l y  more severe a t  1800 and 2000°F. 

Alloy 3, TD nickel-chromium i s  shown i n  F igu re  series A3-2. The 
as received" sample has  a n  apparent ly  homogeneous ma t r ix  a t  500X wi th  

A t  2000 and 2100°F 

A t  

11 

no d i s c e r n a b l e  g r a i n  s t r u c t u r e  i n  t h e  l o n g i t u d i n a l  s e c t i o n .  
t h o r i a  p a r t i c l e s  are v i s i b l e  and elongated i n  t h e  d i r e c t i o n  of t h e  w i r e  
drawing. The s i n t e r e d  specimen, i n  c o n t r a s t  t o  t h e  o t h e r  a l l o y  samples, 
shows l i t t l e  d i r e c t i o n a l i t y  and l i t t l e  g r a i n  growth. Cycl ic  ox ida t ion  
t r a n s v e r s e  s e c t i o n s  show l i t t l e  v i s i b l e  ox ida t ion  a t  1400'F except f o r  
t h e  longes t  t i m e s .  
t r a t i o n  begins a f t e r  about 100 hours,  but t h e  w i r e  bulk is  s t i l l  unaffec- 
ted. A t  2100°F 
e x t e r n a l  ox ida t ion  i s  more r a p i d  b u t  s i g n i f i c a n t  p e n e t r a t i o n  o r  i n t e r n a l  
ox ida t ion  is  n o t  apparent.  
severe, t h e  w i r e  is less uniform i n  diameter,  b u t  major p e n e t r a t i o n  i n t o  
t h e  w i r e  bu lk  s e c t i o n  o r  i n t e r n a l  ox ida t ion  i s  s t i l l  s m a l l .  
are v i r t u a l l y  unaffected a t  1400 and 1600°F after 100 hours. 
progresses  g radua l ly  a t  1800 t o  2100°F with comparatively l i t t l e  penetra- 
t i o n  and no i n t e r n a l  a t t a c k .  S t r e s s  ox ida t ion  specimens demonstrate s ig-  
n i f i c a n t  i n t e r n a l  oxidat ion.  A t  1400°F after 100 hours comparatively 
l i t t l e  ox ida t ion  i s  apparent  and i n t e r n a l  ox ida t ion  i s  absent  o r  n e g l i g i b l e .  
A t  1600°F i n t e r n a l  ox ida t ion  i s  s u b s t a n t i a l  and becomes p rogres s ive ly  
more severe a t  1800 and 2000°F. No comparable i n t e r n a l  ox ida t ion  w a s  
observed i n  uns t r e s sed  specimens a t  temperatures up t o  2200°F and t i m e s  
up t o  600 hours.  

elongated g r a i n  s t r u c t u r e  of t h e  "as received' '  l o n g i t u d i n a l  sample con- 
t a i n s  minor ca rb ides  which are r e t a i n e d  a f t e r  s i n t e r i n g .  
occurs ,  b u t  is  smaller compared t o  a l l o y s  1 and 10, and g r a i n  boundaries 
are comparatively continuous wi th  fewer p r e c i p i t a t e s .  Cyc l i c  ox ida t ion  
t r a n s v e r s e  s e c t i o n s  a t  1400°F show l i t t l e  a t t a c k  except f o r  minor pene- 
t r a t i o n  after about 300 hours. 
a f t e r  100 hours and f u r t h e r  pene t r a t ion  o r  i n t e r n a l  ox ida t ion  progresses  
a f t e r  300-600 hours. 
i n t e r n a l  ox ida t ion  progresses  s i g n i f i c a n t l y  a f t e r  100 hours. A t  2000'F 
ox ida t ion  is r a p i d  and t h e  w i r e  has  v i r t u a l l y  d i s i n t e g r a t e d  by 100-200 
hours. 
hours. 
1600°F. 

Larger 

A t  1800°F e x t e r n a l  ox ida t ion  is  more r a p i d  and pene- 

A t  2000°F behavior i s  e s s e n t i a l l y  t h e  same as a t  1800°F. 

A t  2200°F e x t e r n a l  ox ida t ion  is s t i l l  more 

TGA specimens 
Oxidation 

Alloy 6, DH 242, i s  shown i n  Figure series A3-3. The wrought, 

Grain growth 

A t  1600°F v i s i b l e  p e n e t r a t i o n  begins 

A t  1800°F major ox ida t ion  a t t a c k  begins quickly and 

A t  2100 and 2200°F w i r e  ox ida t ion  i s  n e a r l y  complete by 16-64 
TGA specimens a f t e r  100 hours show l i t t l e  attack a t  1400 and 

I n t e r n a l  ox ida t ion  begins a t  1800'F and i s  severe a t  2000°F. 
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S t r e s s  ox ida t ion  specimens are s i m i l a r  t o  TGA specimens. 
l i t t l e  ox ida t ion  i s  apparent ,  b u t  a t  1600°F i n t e r n a l  ox ida t ion  begins 
and progresses  a t  1800 and 2000°F. 
c a l l y  s i m i l a r  TD nickel-chromium is  n o t  apparent.  

A t  1400°F 

I n t e r n a l  ox ida t ion  observed i n  chemi- 

Alloy 10, Hastel loy X, is  shown i n  Figure series A3-4. The long - 
t u d i n a l  "as received" specimen shows heavy, d i r e c t i o n a l  i n c l u s i o n s  o r  
p r e c i p i t a t e s  i n  a homogeneous matrix.  Af t e r  s i n t e r i n g ,  some p r e c i p i t a t e s  
have apparent ly  d i s so lved  and r e -p rec ip i t a t ed  i n  t h e  heavy, discont inuous 
boundaries of a comparatively l a r g e  g r a i n  s t r u c t u r e .  Cyc l i c  ox ida t ion  
t r a n s v e r s e  s e c t i o n s  a t  1400°F show l i t t l e  ox ida t ion  a t t a c k  be fo re  300- 
400 hours. 
ox ida t ion  becoming apparent  a f t e r  200-300 hours. A t  1800°F i n t e r n a l  oxi- 
d a t i o n  becomes s i g n i f i c a n t  a f t e r  100 hours and progresses  r a p i d l y .  A t  
2000°F d i s i n t e g r a t i o n  i s  nea r ly  complete by 200 hours. 
ox ida t ion  has nea r ly  destroyed t h e  w i r e  by 16-64 hours.  TGA specimens 
a f t e r  100 hours are less seve re ly  a t t acked  than c y c l i c  ox ida t ion  specimens. 
Oxidation i s  r e l a t i v e l y  minor a t  1400 and 1600°F, and i s  n o t  severe a t  
1800°F. 
Stress ox ida t ion  specimens are gene ra l ly  s i m i l a r  i n  appearance t o  t h e  TGA 
specimens a f t e r  100 hours. S u b s t a n t i a l  ox ida t ion  begins a t  1800'F and 
progresses  a t  2000°F. 

of t h e s e  metal lographic  s e c t i o n s  show p rogres s ive  changes with inc reas ing  
temperature and t i m e  which may be c o r r e l a t e d  with a l l o y  performance,, The 
most ox ida t ion  r e s i s t a n t  a l l o y s  which r e t a i n  good mechanical p r o p e r t i e s  
have comparatively t h i n ,  uniform oxide l a y e r s  with l i t t l e  o r  no penetra- 
t i o n  and i n t e r n a l  ox ida t ion  w i t h i n  t h e  u s e f u l  temperature-time range. 
The beginning of s u b s t a n t i a l  oxide p e n e t r a t i o n  o r  i n t e r n a l  ox ida t ion  is  
Associated wi th  increased s p a l l i n g  and ox ida t ion  rates and r e s u l t s  i n  a 
comparatively r a p i d  d e t e r i o r a t i o n  i n  mechanical p r o p e r t i e s .  
t r a t i o n  and thickness  changes were measured from t h e  c y c l i c  ox ida t ion  
s e c t i o n s  and are p l o t t e d  and explained i n  Appendix 5, "Oxidation Penetra- 
t i o n  P l o t s , "  as a func t ion  of t i m e  f o r  each a l l o y  and temperature.  

A t  1600'F ox ida t ion  is  more r a p i d  wi th  p e n e t r a t i o n  and i n t e r n a l  

A t  2100 and 2200'F 

A t  2000°F w i r e  ox ida t ion  and d i s i n t e g r a t i o n  i s  nea r ly  complete. 

Examination of t h e  oxide l a y e r s ,  pene t r a t ion ,  and i n t e r n a l  ox ida t ion  

Oxide pene- 

5.4 T e n s i l e  Tests 

A l l  tensile test d a t a  f o r  c y c l i c  ox ida t ion ,  TGA, and s t r e s s -ox ida t ion  
tesrs are t abu la t ed  i n  Appendix 1, "Numerical Data Tabulation",  which 
g ives  u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  and e longa t ion  f o r  each a l l o y  
w i r e  specimen. 
exposure t i m e  are p l o t t e d  i n  Appendix 4, "Mechanical P rope r t i e s " ,  which 
shows p rogres s ive  changes i n  a l l o y  mechanical p r o p e r t i e s  w i th  inc reas ing  
temperature. Mechanical p r o p e r t i e s  of both w i r e  and previously t e s t e d  
s h e e t  specimens are shown i n  comparison i n  Figures  A4-1 through A4-4. 
Wire t e n s i l e  p r o p e r t i e s  a f t e r  c y c l i c  ox ida t ion ,  TGA, and stress ox ida t ion  
are compared a f t e r  100 hours exposure t i m e  i n  Appendix 4 ,  Figure A4-5 

Selected d a t a  a t  100 hours and 600 hours c y c l i c  ox ida t ion  
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i n  a s i m i l a r  manner. 
shown i n  t h e  b a r  c h a r t s  of F igures  5.4-1 and 5.4-2 f o r  c y c l i c  ox ida t ion ,  
TGA, and stress ox ida t ion  tests a f t e r  100 hours.  

mechanical p r o p e r t i e s  fo l low a similar p a t t e r n  f o r  each a l l o y ;  
(CYC) o x i d a t i o n  is gene ra l ly  more severe than s t eady- s t a t e  TGA ox ida t ion  
and s t r e s s -ox ida t ion  (S-0) t e n s i l e  test r e s u l t s  l i e  mid-way between t h e s e  
extremes, TD nickel-chromium (3) is  s u p e r i o r ,  followed by a l l o y s  10, 1, 
and 6 i n  o rde r  of s t r e n g t h .  These gene ra l  c h a r a c t e r i s t i c s  are r e t a i n e d  
a t  1600°F wi th  a l l o y  3 remaining conspicuously s t r o n g e r  a f t e r  each test  
and r e t a i n i n g  good d u c t i l i t y .  Alloy 6, DH 242, begins  t o  contend wi th  
t h e  supe ra l loys  1 and 10 i n  r e t a i n e d  s t r e n g t h  a t  room temperature  and 
shows b e t t e r  d u c t i l i t y .  
sha rp ly  changed. 
TGA tests and r e t a i n s  good d u c t i l i t y ,  bu t  no s t r e n g t h  o r  d u c t i l i t y  i s  re- 
t a ined  a f t e r  s-0 tests because of severe i n t e r n a l  ox ida t ion  induced by 
loading.  DH 242 (6) is  a l s o  oxid ized  b u t  zero s t r e n g t h  a f t e r  S-0 tests 
i s  due p r imar i ly  t o  l a r g e  e longa t ion  under load. Has te l loy  X (10) is  
s u p e r i o r  t o  N 155 ( l ) ,  bu t  both a l l o y s  are b r i t t l e .  
chromium is the  only "survivor";  a l l  o the r  a l l o y s  are oxidized t o  vir-  
t u a l  des t ruc t ion .  Mechanical p r o p e r t i e s  are good f o r  bo th  CYC and TGA 
tests. However, a p p l i c a t i o n  of stress i n  S-0 tests causes  i n t e r n a l  oxi- 
d a t i o n ,  as shown i n  Sec t ion  5.3, and s t r u c t u r a l  i n t e g r i t y  i s  completely 
l o s t .  

Alloy comparisons a t  each test temperature  are 

A t  1400°F t h e s e  ba r  c h a r t  a l l o y  comparisons show that r e t a i n e d  
Cycl ic  

A t  1800°F t h e  sense  of t h e s e  comparisons is  
TD nickel-chromium (3 )  is  c l e a r l y  s t r o n g e s t  i n  CYC and 

A t  2000°F TD n icke l -  

The t e n s i l e  test  d a t a  p l o t s  of Appendix 4,  Figures  A4-1 through 
A4-4, show comparisons of w i r e  and s h e e t  p r o p e r t i e s  as a f u n c t i o n  of tem-  
p e r a t u r e  f o r  o-ach a l l o y .  Wire p r o p e r t i e s  are gene ra l ly  b e t t e r  than equi- 
v a l e n t  s h e e t  p r o p e r t i e s  a t  t h e  lower temperatures of 1400 and 1600°F bu t  
f a l l  o f f  r a p d i l y  a t  1800°F and h igher  because of ox ida t ion  a t t a c k .  
N 155, has  s u b s t a n t i a l l y  h igher  mechanical p r o p e r t i e s  i n  w i r e  form f o r  
11 as received",  "as s in t e red" ,  and 1400-1600°F c y c l i c  ox ida t ion  tests. 
These p r o p e r t i e s  f a l l  off  sha rp ly  a f t e r  100 hours a t  1600°F and 600 hours 
a t  1400°F. 
i n  w i r e  form and r e t a i n s  b e t t e r  p r o p e r t i e s  a f t e r  100 hours exposure t i m e ,  
f a l l i n g  o f f  somewhat f a s t e r  wi th  inc reas ing  temperature a t  600 hours. 
Alloy 6,  DH 242, l i k e  a l l o y  1, has i n i t i a l l y  h igher  w i r e  p r o p e r t i e s  which 
r ap id ly  decrease  a t  temperatures  over  1400-1600°F. 
has  similar behavior because of ox ida t ion  of t h e  f i n e r  w i r e  s ec t ion .  

Alloy 1, 

Alloy 3 ,  TD nickel-chromium, has  s l i g h t l y  b e t t e r  p r o p e r t i e s  

Alloy 10, Has te l loy  X ,  

F igure  A4-5 provides  a similar comparison of c y c l i c  (CYC) oxida t ion ,  
TGA, and s t r e s s -ox ida t ion  (S-0) specimens a f t e r  100 hours.  These p l o t s  
show t h a t  c y c l i c  ox ida t ion  is  gene ra l ly  more seve re  than s t eady- s t a t e  TGA 
ox ida t ion  and s t r e s s -ox ida t ion  i s  in te rmedia te  i n  i t s  e f f e c t  on r e t a i n e d  
mechanical p r o p e r t i e s  except f o r  a l l o y  3 ,  TD nickel-chromium, and a t  the  
h ighes t  temperatures .  
p r o p e r t i e s  and S-0 exposure i s  most severe ,  probably because of increased  
c reep  and s p a l l i n g .  
specimens were t e s t e d  because of extreme b r i t t l e n e s s ,  whi le  CYC and TGA 

Alloy 1 drops of f  r a p i d l y  above 1600°F i n  mechanical 

Alloy 3 i s  stress s e n s i t i v e  above 1600OF and no S-0 
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specimens had good p r o p e r t i e s  w e l l  above 2000'F. 
w a s  good u n t i l  1600'F b u t  ox ida t ion  a t  h igher  temperatures precluded fur-  
t h e r  t e n s i l e  t e s t i n g .  Alloy 10 a l s o  oxidized heav i ly  beginning a t  1800OF 
and h igher  temperature  specimens were no t  t e s t e d .  

Alloy 6, l i k e  a l l o y  1, 

5.5 Thermogravimetric Analysis  

Thermogravimetric a n a l y s i s  (TGA) d a t a  is  t abu la t ed  i n  Appendix 1, 
"Numerical Data Tabulation," a long wi th  t e n s i l e  test d a t a  f o r  t h e  w i r e  
specimens a f t e r  100 hours exposure t i m e .  Wire photomicrographs are shown 
i n  Appendlx 3 ,  "Metallographic Examination". T o t a l  s p e c i f i c  weight ga in  
from cont inuous,  s t eady- s t a t e  ox ida t ion  is p l o t t e d  i n  F igures  A2-9 through 
A2-12 of Appendix 2, "Alloy Oxidat ion P lo ts" ,  f o r  each a l l o y  wi th  t e s t i n g  
temperature  shown as a parameter. 
s c r ibed  i n  Sec t ion  5.4, i n  Appendix 4 and Figures  5.4-1 through 5.4-4 
which a l s o  show comparisons wi th  w i r e s  t e s t e d  a f t e r  c y c l i c  ox ida t ion  and 
stress oxida t ion .  Steady-state  ox ida t ion  i s  less severe  than c y c l i c  oxi- 
da t ion .  Comparison of t h e  curves f o r  each a l l o y  shown i n  Appendix 2 in- 
d i c a t e s  a gene ra l ly  lower s l o p e  and smaller rate cons tan t  o r  i n t e r c e p t  
f o r  t h e  TGA power func t ion  p l o t s .  
i n  c y c l i c  ox ida t ion  are probably due t o  g r e a t e r  oxide s p a l l i n g  caused by 
hea t ing  and cool ing.  The TGA p l o t s  f o r  a l l o y s  1, 6, and 10 are " w e l l  
behaved" wi th  l i t t l e  de iva t ion  from t h e  expected o rde r ly  l i n e a r  func t ion .  
Alloy 3 ,  TD nickel-chromium, d e v i a t e s  from t h i s  model a t  temperatures 
above 1800'F. S p e c i f i c  weight decreases  a t  2000, 2100, and 2200°F f o r  
t i m e s  beyond e i g h t  hours and beyond 50 hours a t  2200'F nega t ive  va lues  
are obtained.  This  anomalous behavior w a s  o r i g i n a l l y  a t t r i b u t e d  t o  spa l -  
l i n g  o r  chromium evaporat ion.  Fur ther  a n a l y s i s  of t h e  test method and 
d a t a  reduct ion  shows t h a t  it i s  probably due t o  ox ida t ion  during t h e  
i n i t i a l  heat-up per iod.  I f  c o r r e c t i o n s  are est imated f o r  t h i s  e r r o r ,  
a l l  h igher  temperature ox ida t ion  d a t a  f a l l s  i n  a narrow, h o r i z o n t a l  band 
ly ing  between 1.5 and 4.0 mg/in2 t o t a l  s p e c i f i c  weight ga in .  This  means 
t h a t  TD nickel-chromium's i n i t i a l  ox ida t ion  (during heat-up) i s  r ap id  bu t  
s m a l l  i n  magnitude. Later ox ida t ion  is  slow and s m a l l  weight l o s s e s  (due 
t o  s p a l l i n g ,  e t c . )  have a l a r g e  nega t ive  a f f e c t  on t h e  reduced da ta .  The 
o t h e r  a l l o y s  d i d  no t  show t h i s  p e c u l i a r i t y  because of t h e i r  comparatively 
greater ox ida t ion ,  e s p e c i a l l y  a t  the  h igher  temperatures .  

T e n s i l e  test d a t a  is  p l o t t e d ,  as de- 

The g r e a t e r  ox ida t ion  rates experienced 

5.6 Stress Rupture 

S t r e s s  r u p t u r e  d a t a  f o r  each t i m e  and load a t  temperature are l i s t e d  
i n  Appendix 1, "Numerical Data Tabulation". 
Appendix 4 ,  "Mechanical Proper t ies" ,  F igures  A4-6 through A4-9 which show 
r u p t u r e  stress as a func t ion  of exposure t i m e  f o r  each a l l o y  wi th  tempera- 
t u r e  as a parameter. I n t e r p o l a t e d  stress t o  r u p t u r e  a t  100 hours is  tabu- 
l a t e d  below i n  Table  5.6-1 f o r  each a l l o y  and temperature.  

These d a t a  are p l o t t e d  i n  
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TABLE 5.6-1 
STRESS TO RUPTURE I N  100 HOURS, PSI 

Alloy Temperature, OF 

1400 1600 1800 2000 

(3) TD N i - C r  7,700 7,700 6,100 4,400 
(6) DH 242 16,500 7,000 2,000 890 

(10) Hastel loy X 15,700 7,500 4,200 2,520 

(1) N 155 32,000 15,000 7,800 2 , 100 

These stress r u p t u r e  l ives  are gene ra l ly  comparable t o  l i t e r a t u r e  va lues  
reported f o r  b a r  specimens of t h e  conventional supe ra l loys  N 155 and 
Hastel loy X. 
5-20 pe rcen t ,  probably because of t h e  much g r e a t e r  weakening e f f e c t  of 
ox ida t ion  on t h e  f i n e  w i r e  and weakening by s m a l l  m i c r o s t r u c t u r a l  imper- 
f e c t i o n s .  DH 242 l o s e s  s t r e n g t h  r a p i d l y  with inc reas ing  temperature,  
because i t  i s  a simple so l id - so lu t ion  a l l o y ,  compared t o  t h e  p r e c i p i t a t i o n  
s t rengthened supe ra l loys .  I n  c o n t r a s t ,  t h e  t h o r i a  d i s p e r s i o n  s t rengthened 
TD nickel-chromium i s  weakest a t  lower temperatures bu t  i s  comparatively 
s t r o n g e s t  a t  higher  temperatures. The l i n e a r  e x t r a p o l a t i o n  of 1400OF 
d a t a  f o r  TD nickel-chromium has been assumed t o  become asymptotic t o  t h e  
1600'F d a t a  e x t r a p o l a t i o n ,  giving t h e  same s t r e s s - to - rup tu re  va lue  a t  
100 hours,  s i n c e  no d a t a  w a s  generated f o r  t h i s  t i m e  i n t e r v a l .  The l i n e a r  
e x t r a p o l a t i o n s  are r e t a i n e d ,  however, i n  Figure A4-7 t o  i l l u s t r a t e  t h i s  
anomalous behavior.  Td nickel-chromium, alone,  exh ib i t ed  n e a r l y  f l a t  
stress r u p t u r e  curves a t  1600°F and higher .  Data p o i n t s  were d i f f i c u l t  
t o  o b t a i n  below 100 hours,  e s p e c i a l l y  a t  t h e  higher  temperatures,  because 
of an unusual "stress s e n s i t i v i t y " .  For loads below a c r i t i ca l  stress, 
w i r e  l i f e  w a s  i n d e f i n i t e  and tests w e r e  discont inued a f t e r  several hundred 
hours. A t  s l i g h t l y  g r e a t e r  loads w i r e  l i f e  w a s  shortened t o  a few minutes. 
Only about 100 p s i  d i f f e r e n c e  i n  t o t a l  stress w a s  s u f f i c i e n t  t o  cause t h i s  
behavior which w a s  a t t r i b u t e d  t o  c a t a s t r o p h i c  ox ida t ion  a t t a c k  induced a t  
t h e  c r i t i ca l  stress level. Further  i n v e s t i g a t i o n  is  needed t o  d e f i n e  t h i s  
phenomenon because of i t s  importance f o r  engineering des ign  purposes. 

Wire stress r u p t u r e  va lues  are t y p i c a l l y  lower by about 

5.7 S t r e s s  Oxidation 

S t r e s s  ox ida t ion  d a t a  and subsequent room temperature t e n s i l e  test 
r e s u l t s  are l i s t e d  i n  Appendix 1, "Numerical Data Tabulation". Photo- 
micrographs showing w i r e  c r o s s  s e c t i o n  and ox ida t ion  e f f e c t s  are repro- 
duced i n  Appendix 3,  "Metallographic Examination". Determination of 
s p e c i f i c  weight g a i n  due t o  ox ida t ion  w a s  at tempted and abandoned a f t e r  
experiments showed it  t o  b e  i m p r a c t i c a l  because of weighing e r r o r .  The 
w i r e  specimen i n  t h e  s ix- inch hot-zone weighed less than  15 mg and weight 
i nc reases  were too  s m a l l  t o  provide s i g n i f i c a n t  d a t a .  Metallographic ex- 
amination shows l i t t l e  stress s e n s i t i v i t y  except a t  t h e  h i g h e s t  temperature 
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of 2000°F f o r  a l l o y s  1, 6,  o r  10. Above 1800'F these  a l l o y s  show increased 
oxida t ion ,  probably because of s p a l l i n g  o r  e longat ion  under load.  Alloy 3,  
TD nickel-chromium shows marked stress s e n s i t i v i t y  beginning a t  1600'F. 
I n t e r n a l  ox ida t ion ,  which w a s  c a t a s t r o p h i c  f o r  stress rup tu re  specimens 
above a c r i t i ca l  and reproducib le  stress level, and which does no t  occur 
i n  uns t ressed  specimens below 600 hours  a t  2200°F, progresses  s i g n i f i c a n t l y  
i n  t h e  range of 1600-2000°F under t h e  s p e c i f i e d  60 percent  of stress f o r  
100 hour rup tu re  l i f e .  This  phenomenon is a l s o  confirmed by t h e  t e n s i l e  
test d a t a  referenced i n  Sec t ion  5.4 of the  t e x t ,  which shows a sharp de- 
c rease  i n  room temperature s t r e n g t h  and d u c t i l i t y  a f t e r  s t r e s s -ox ida t ion  
exposure i n  t h i s  high temperature range. 
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6 CONCLUSIONS 

Alloy specification for transpiration cooling materials requires 
selection of an optimum engineering compromise of properties which include 
oxidation resistance, strength and ductility retention and economic or 
manufacturing feasibility. 
tance. The maximum operating temperature (engine cooling efficiency) 
and service life of a fine-wire transpiration cooling material are largely 
determined by the rate of oxidation attack and penetration. 
are more susceptible to oxidation damage than thicker sheet metal. 
form oxide penetration of only a few ten-thousandths of an inch will 
seriously affect the mechanical properties of 0.005-inch diameter wire. 
Similar oxide growth will reduce the transpiration cooling material's 
air flow permeability and may cause localized over-heating and increased 
oxidation attack. Non-uniform or internal oxidation may cause catastro- 
phic failure of the wire and the material. Mechanical properties such 
as stress-rupture strength and ductility are also important, but these 
characteristics are largely determined by oxidation resistance in actual 
service. Manufacturing feasibility is the final consideration, but 
except for demonstration of wire drawing, it is beyond the scope of this 
report. 

Alloy N 155 was chosen as the base line for comparing other alloys 
because of its previous utilization in many types of transpiration cool- 
ing materials which have been tested in a wide variety of applications. 
The maximum service temperature limit for N 155 is near 1600°F. Other 
alloys may be compared with base line N 155 by extrapolating oxidation 
test data to estimate the temperature at which their oxidation resis- 
tance is equivalent to N 155 at 1600'F and 600 hours exposure which is 
considered most significant for engineering applications. These extrap- 
olations are made in the Arrhenius plots of Figures 6-1 and 6-2 for 
total specific weight gain and oxide penetration depth, respectively. 
These data may be reasonably approximated by a straight line or a smooth, 
upward-concave curve having one straight segment. Data fitting the for- 
mer model indicate a simple exponential oxidation rate/reciprocal absolute 
temperature relationship while curved plots imply a temperature dependent 
change in oxidation activation energy. Specific weight gain and penetra- 
tion are related to oxidation rate and the resultant model provides a 
numerical basis for alloy comparison. The more oxidation resistant 
alloys have a higher equivalent temperature than base line N 155 at 
1600°F. 
Table 6-1 in comparison with N 155 for which weight gain was 9.6 mg/in 
and penetration was 0.0016 inch at 1600°F for 600 hours exposure time. 
All data were read from the idealized curves of Figures 5.1-1 through 
5.1-6 at 600 hours exposure time. 

Oxidation resistance is of paramount impor- 

Fine wires 
Uni- 

These temperatures are tabulated below for each alloy in 
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TABLE 6-1 
COMPARISON OF EXTRAPOLATED ALLOY PROPERTIES 

Equivalent Performance Temperature, OF 

Oxidation 
Alloy Weight Gain Penetration 

1. N 155 1600 
3. TD nickel-chromium 2090 
6. DH 242 1690 
10. Hastelloy X 1710 

1600 
1970 
1700 
1660 

Comparisons are also shown by dashed lines for the previously tested 
sheet specimens for which data was given in the Summary Report CK-930, Sheet 
specimens are more oxidation resistant than wire specimens, because of 
their comparative geometry, and have higher equivalent temperature rat- 
ings when compared to wire. 
wire-sheet comparisons of Section 5, and must be considered in the extra- 
polation of bulk specimen data for application to fine wires. 

retention of mechanical properties as measured by the cyclic oxidation, 
TGA, and stress rupture tests at the higher temperatures and longer times 
which are most significant for further transpiration cooling development. 
However, stress-oxidation tests apparently show that service applications 
must be limited to low stress levels or temperatures below 1600°F to pre- 
vent stress-induced internal oxidation. Alternatively, the mechanism of 
this anomalous oxidation behavior should be determined to provide a basis 
for other corrective measures such as thoria particle modification, matrix 
alloy chemistry changes, or protective coatings. 
are roughly equivalent in most of the measured characteristics and both 
have an apparent service temperature limitation near 1700OF. DH 242 is 
initially weaker than Hastelloy X, but slightly better oxidation resist- 
ance and better spa11 resistance tend to equalize mechanical properties, 
especially ductility retention, after oxidation exposure. A l l  three 
alloys are feasible to use in the manufacture of transpiration cooling 
materials and components. 
specimen but not in wire form, has since been recognized as a superior 
alloy, rivaling TD nickel-chromium in many of its properties, and should 
be further tested for transpiration cooling applications. 

report are summarized. 

This characteristic is also shown in the 

TD nickel-chromium is clearly superior in oxidation resistance and 

DH 242 and Hastelloy X 

Alloy GE 1541, which was tested as a sheet 

Based on these wire specimen tests, the major conclusions of this 

1. TD nickel-chromium, while clearly superior in no-load oxidation 
resistance, is sensitive to stress above a sharply defined 
level and oxidizes internally at comparatively low temperatures 
above 1600°F. 
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2. DH 242 has good gene ra l  ox ida t ion  r e s i s t a n c e  and d u c t i l i t y  
r e t e n t i o n ,  b u t  i t  i s  l imi t ed  t o  s m a l l  loads  because of elonga- 
t i o n  a t  temperatures above 1600OF. 

Haste l loy  X has  f a i r  genera l  ox ida t ion  r e s i s t a n c e  and d u c t i l i t y  
r e t e n t i o n  i n  s p i t e  of i t s  comparatively high spa11 rate, and is 
s t rong  a t  temperatures above 1600OF. 

4 .  Cyclic  ox ida t ion  exposure i s  s u b s t a n t i a l l y  more severe than 
s teady-s ta te  ox ida t ion ,  e s p e c i a l l y  f o r  w i r e  specimens. 

5. Wire specimens are more seve re ly  oxidized than equiva len t  s h e e t  
specimens, e s p e c i a l l y  a t  h igher  temperatures.  

3. 
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TABLE 4-1 METALLOGRAPHIC ETCHANT SCHEDULE 

ETCHANT I PROCEDURE 

2% Chromic Acid) - 4 m l  L e t  so lu t ion  set f o r  one-half 
Hydrochloric Acid - 96 m l  hour or  u n t i l  so lu t ion  l i gh t -  

ens. Using a carbon cathode 
e l e c t r o l y t i c  e t ch  with 5 v o l t s  
u n t i l  a blue s t a i n  appears. 
Turn the current  off  a n d s w i r l  
the sample i n  the etchant  u n t i l  
the blue s t a i n  is removed. 

(1) 
N155 

I 

10% Oxalic Acid E lec t ro ly t i c :  5 v o l t s ,  3-10 
seconds. TD N i - C r  

10% Oxalic Acid E lec t ro ly t i c :  5 v o l t s ,  5-25 

10% Oxalic Acid 

TABLE 4-2 MECHANICAL PROPERTIES OF WIRE SPECIMENS 
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SPECIMEN AND EQUIPMENT SCHEMATICS 
CYCLIC OXIDATION TEST SET UP 

ZIRCON THIMBLE SPECIMEN RACK 

ARRANGEMENT 

COUPLE 

ALLW WIRE 
BUNDLES 

SPECIMEN PAN 

FURNACE LOAD 

I 

6 4  I 100 ; 
I 
I 

I 
I 
I 

600 f 600 C 

400 1 500 

1 
200 300 

I 

4 I 16 
I 
1 

RACKS BY TIME OF 
PULL - HOURS 

STRESS RUPTURE AND 0x1 DATION APPARATUS 

POTENTIOMETER 

AUTOMATICALLY 
6 THERMOCOUPLE CONTROLLED 

LOADS- 4 WIRES 

c 

Figure 4-1 Specimen arid equipment schematic. 
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- .  

Figure 4-2 Thermogravimetric analysis apparatus. 
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Figure 5.1-1 Cycl ic  ox ida t ion  r e s i s t a n c e  comparison, 1400’F. 
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Figure  5.1-2 Cycl ic  ox ida t ion  resistance comparison, 1600'F. 
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Figure 5.1-3 Cycl ic  ox ida t ion  r e s i s t a n c e  comparison, 1800’F. 
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Figure  5.1-4 Cycl ic  ox ida t ion  r e s i s t a n c e  comparison, 2000'F. 
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Figure 5.1-5 Cycl ic  ox ida t ion  r e s i s t a n c e  comparison, 2100’F. 
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Figure 5.1-6 Cyc l i c  ox ida t ion  r e s i s t a n c e  comparison, 2200OF. 
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Figure 5.1-7 Cyclic spa11 resistance comparison, 1600'F. 
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Figure 6-1 Ext rapola ted  ox ida t ion  r e s i s t a n c e  comparison a t  600 hours 
exposure t i m e .  
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APPENDIX 1 
NUMERICAL DATA TABULATION 

CONTENTS 

ALLOY TABLE PAGE 

1. N155.. . . . . . . . .  . A I - 1 .  . . . . . . . . . . . . . .  40 
3.  TD nickel-chromium . . . .  A1-2 . . . . . . . . . . . . . . .  44 
6 .  D H 2 4 2 . . . . . . . . . . A 1 - 3 . . . . . . . . . . . . . . .  48 
10. Hastelloy X. . . . . . . .  A1-4 . . . . . . . . . . . . . . .  52 

Reduced numerical data for all tests are tabulated for each alloy 
wire. Cyclic oxidation data is listed for exposure time (A),  specific 
total weight gain ( B ) ,  specific spa11 weight (C), change in wire diameter 
(D), uniform oxide thickness ( E ) ,  depth of penetration (F), yield 
strength (G), ultimate strength (H), and percentage elongation (I) for 
each alloy and test emperature. Thermogravimetric analysis data is 
listed for exposure time (J), specific weight gain (K), change in wire 
diameter (L) , uniform oxide thickness (M) , depth of penetration (N), 
yield strength (0), ultimate strength (P), and percentage elongation (9 ) .  
Stress rupture data is listed for exposure time (R), and ultimate or 
stress-to-rupture strength (S). Stress oxidation data is listed for 
change in wire diameter (T) ,  uniform oxide thickness (U), depth of pene- 
tration (V), yield strength (W), ultimate strength (X), and percentage 
elongation (Y) .  Alloy identification and test temperatures applicable 
to each data series are noted on each table. 

Asterisks (*) in data columns indicate that significant measure- 
ments were not obtained for the following column items. 
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TABLE A l - 1  NUMERICAL DATA TABULATION: ALLOY 1, N 155. 
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TABLE A l - 1  NUMERICAL DATA TABULATION: ALLOY 1, N 155. (Continued) 
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TABLE A l - 1  NUMERICAL DATA TABULATION: ALLOY 1, N 155. 
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TABLE A l - 1  NUMERICAL DATA TABULATION: ALLOY 1, N 155. (Continued) 

STRESS RUPTU 
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TABLE A1-2 NUMERICAL DATA TABULATION: ALLOY 3 ,  TD NICKEL-CHROMIUM. 
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TABLE A1-2 NUMERICAL DATA TABULATION: ALLOY 3 ,  T D  NICKEL-CHROMIUM. 
(Continued) 

THERMOGRAVIMETRIC ANALYSIS STRESS RUPTURE 
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TABLE AI-2 NUMERICAL DATA TABULATION: ALLOY 3 ,  TD NICKEL-CHROMIUM. 

I 600-c 

TURE 22OO0P 
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TABLE A1-2 NLTMERICAL DATA TABULATION: ALLOY 3 ,  TD NICKEL-CHROMIUM. 
(Continued) 

I THERMOGRAVIMETRIC ANALYSIS STRESS RUPTURE STRESS OXIDATION 
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TABLE A1-3 NUMERICAL DATA TABULATION: ALLOY 6 ,  DH 242. 
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TABLE A1-3 NUMERICAL DATA TABULATION: ALLOY 6 ,  DH 242. (Continued) 
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TABLE Al-3 NUMERICAL DATA TABULATION : ALLOY 6 ,  DH 242 

4 
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TABLE A1-3 NUMERICAL DATA TABULATION: ALLOY 6 ,  DH 242. ( C o n t i n u e d )  

I I I I I I I I I I I I 

TEMPERATURE 2200'F 
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TABLE A1-4 NUMERICAL DATA TABULATION: ALLOY 10, HASTELLOY X. 
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TABLE A1-4 NUMERICAL DATA TABULATION: ALLOY 10, HASTELLOY X. 
(Continued) 
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TABLE A1-4 NUMERICAL DATA TABULATION: ALLOY 10, HASTELLOY X. 

I 6ooc ' 19-7 I - I I 

I 6 0 0 ~  I - I - I I I I -  I -  I -  I 1 I I 

1 1 I I I -  I -  I -  I 

54 



TABLE A1-4 NUMERICAL DATA TABULATION: ALLOY 10, HASTELLOY X. 
(Continued ) 

* 

/ THERMOGRAVIMETRIC ANALYSIS STRESS RUPTURE STRESS OXIDATION 

* * * * 
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APPENDIX 2 
ALLOY OXIDATION PLOTS 

CONTENTS 

SPECIFIC TOTAL OXIDATION WEIGHT GAIN 

ALLOY FIGURE PAGE 
1. N155.. . . . . . . . . .  .A2-1. . . . . . . . . . . . . . .  58 
3. TD nickel-chromium . . . .  .A2-2 . . . . . . . . . . . . . . .  59 
6. DH242.. . . . . . . . .  .A2-3.. 60 
10. Hastelloy X. . . . . . . .  .A2-4 . . . . . . . . . . . . . . .  61 . . . . . . . . . . . . .  

Specific total oxidation weight gain is plotted for each alloy as a 
function of exposure time with temperature as a parameter. 
tion plots on a log-log grid were essentially linear for most data. 

Power func- 

WIRE AND SHEET OXIDATION RESISTANCE COMPARISON 

ALLOY FIGURE PAGE 
1. N155.. . . . . . . . . .  .A2-5. . . . . . . . . . . . . .  - 6 2  
3. TD nickel-chromium . . . .  .A2-6 . . . . . . . . . . . . . . .  63 
6. DH 242. . . . . . . . . .  .A2-7 . . . . . . . . . . . . . . .  64 
10. Hastelloy X. . . . . . . .  .A24 . . . . . . . . . . . . . . .  65 

Faired power function plots of total specific weight gain as a 
function of exposure time are shown for wire (solid line) and sheet 
(dashed line) specimens of each alloy with temperature as a parameter. 

CONTINUOUS (TGA) SPECIFIC OXIDATION WEIGHT GAIN 

ALLOY FIGURE PAGE 
1. N155.. . . . . . . . . .  .A2-9. . . . . . . . . . . . . .  .66 
3. TD nickel-chromium . . . .  .A2-10. . . . . . . . . . . . . . .  67 
6. DH 242 . . . . . . . . . .  .A2-11. . . . . . . . . . . . . . .  68 
10. Hastelloy X. . . . . . . .  .A1-12. . . . . . . . . . . . . . .  69 

Continuous specific oxidation weight gain is shown as a function 
of steady-state exposure time for each alloy with thermogravimetric 
analysis (TGA) testing temperature as a parameter. 
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Figure A2-1 S p e c i f i c  to ta l  oxidation weight gain: Alloy 1, N 155 wire. 
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Figure A2-2 S p e c i f i c  t o t a l  ox ida t ion  weight gain:  Alloy 3 ,  TD n i c k e l  
chromium w i r e .  

59 



C 

c 
c 

I 

e .. 

I.. 
G 

.Of 

C 

I I 

Figure A2-3 Specif ic  to ta l  oxidation weight gain: Alloy 6 ,  DH 242 wire. 
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Figure A2-4 S p e c i f i c  t o t a l  ox ida t ion  weight gain: Alloy 10,  
Hastel loy X w i r e .  
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Figure A2-8 Wire and s h e e t  ox ida t ion  resistance comparison: Alloy 10, 
Has te l loy  X. 
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APPENDIX 3 
METALLOGRAPHIC EXAMINATION 

CONTENTS 

ALLOY FIGURE: PAGE 

1. N 1 5 5  . . . . . . . . .  A 3 - 1 . .  . . . . . . . . . . . .  72 
3. TD nickel-chromium . . .  A3-2 . . . . . . . . . . . . . .  78 
6. D H 2 4 2 . . .  . . . . . .  A 3 - 3 . . . . . . . . . . . . . .  86 

10. Has te l loy  X. . . . . . .  A3-4 . . . . . . . . . . . . . .  93 

Photomicrographs of each a l l o y  are reproduced t o  demonstrate 
morphology changes and oxida t ion  e f f e c t s  r e s u l t i n g  from each test  series 
as ind ica ted :  

1. As received mic ros t ruc tu re .  

2. Sin te red  mic ros t ruc tu re .  

3. Continuous (TGA) oxida t ion  tests showing oxida t ion  e f f e c t s  a t  

4. Stress -oxida t ion  showing oxida t ion  e f f e c t s  a t  each test temperature.  

5. 

each test  temperature.  

Cycl ic  ox ida t ion  tests showing oxida t ion  progress ion  wi th  
inc reas ing  t i m e  a t  each temperature.  
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Figure A 3 - 1 . 1  
As  Received. 285X 

A l l o y  1, N 155, 

(1) 1400'F.  

(3) 1800'F.  

Figure A 3 - 1 , 2  A l l o y  1, N 155, * 
A s  Sintered. 285X 

(2) 160O0F. 

(4) 2000'F.  

Figure A 3 - 1 . 3  A l l o y  1, N 155, Continuous Oxidation 100 Hours. 285X 
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(1) 1400OF. (2) 1600'F. 

(3) 1800'F. (4) 2000'F. 

Figure A3-1.4 Alloy 1, N 155, Stress Oxidation 100 Hours. 285X 
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(1) 4 Hours 

(4) 100 Hours 

(7) 400 Hours 

(2) 16 Hours 

(5) 200 Hours 

(8) 500 Hours 

(3) 64 Hours * 

.*- 

(6) 300 Hours 

(9) 600 Hours 

Figure A3-1.5 Alloy 1, N 155, Cyclic Oxidation a t  1400'F. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours (5) 200 Hours (6) 300 Hours 

. -  

(7) 400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-1.5 Alloy 1, N 155, Cyclic Oxidation at 1600OF. 285X 
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(1) 4 Hours 

(4) 100 Hours 

(2) 16 Hours 

(5) 200 Hours 

(3) 64 Hours 

(6) 300 Hours 

(7) 400 Hours (8) 500 Hours (9) 600 Hours , 

Figure A3-1.5 Alloy 1, N 155, Cycl ic  Oxidation at 1800OF. 285X 
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(1) 4 Hours 

(2) 16 Hours (3) 64 Hours 

Alloy 1, N 155, Cycl ic  Oxidation a t  2000'F. F igure  A3-1.5 285X 

(1) 4 Hours 

Figure A3-1.5 Alloy 1, N 155, Cycl ic  Oxidation at 2100'F. 285X 
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Figure A3-2.1 Alloy 3 ,  TD Nickel- 
Chromium, A s  Received. 285X 

(1) 1600'F 

(3) 2000'F 

Figure A3-2.2 Alloy 3,  TD Nickel- 
Chromium, A s  Sintered. 285X 

(2) 1800'F 

( 4 )  2100'F 

Figure A3-2.3 Alloy 3,  TD Nickel-Chromium, Continuous Oxidation 
100 Hours. 285X 
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(1) 1400'F (2) 1600'F 

(3) 1800'F ( 4 )  2000'F 

Figure A3-2.4 Alloy 3, TD Nickel-Chromium, Stress Oxidation 
100 Hours. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours (5) 200 Hours ( 6 )  300 Hours 

(8) 500 Hours (9) 600 Hours (7 )  400 Hours 

Figure A3-2.5 Alloy 3 ,  TD Nickel-Chromium, Cyclic Oxidation 
a t  1400'F. 285X 
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I (1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours ( 5 )  200 Hours (6) 300 Hours 

(7) 400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-2.5 Alloy 3, TD Nickel-Chromium, Cyclic Oxidation 
at 1600'F. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 
? 

(4) 100 Hours (5) 200 Hours (6) 300 Hours 

(7)  400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-2.5 Alloy 3, TD Nickel-Chromium, Cyclic Oxidation 
at 180O0F. 285X 
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(1) 4 Hours 
-- 

(2) 16 Hours 

(4) 100 Hours (5) 200 Hours 

(7) 400 Hours (8) 500 Hours 

Figure A3-2.5 Alloy 3, TD Nickel-Chromium, 
at 2000'F. 285X 

(3) 64 Hours 

(6) 300 Hours 

(9) 600 Hours 

Cyclic Oxidation 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours (5) 200 Hours ( 6 )  300 Hours 

(7) 400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-2.5 Alloy 3,  TD Nickel-Chromium, Cyclic Oxidation 
at 2100'F. 285X 
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(1) 4 Hours (2) 16 Hours 

( 3 )  64 Hours 

( 6 )  300 Hours 

Figure A3-2.5 

( 4 )  100 Hours ( 5 )  200 Hours 

( 7 )  400 Hours (8) 500 Hours 

Alloy 3, TD Nickel-Chromium, Cycl ic  Oxidation 
a t  2200'F. 285X 
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Figure A3-3.1 Alloy 6, DH 242, Figure A3-3.2 Alloy 6, DH 242, 
As Received. 285X As Sintered. 285X i" 

(1) 1400'F (2) 1600OF 

(3) 1800'F ( 4 )  2000'F 

Figure A3-3.3 Alloy 6, DH 242, Continuous Osidation 100 H o u r s .  285X 
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. -. . . . . . . 

(1) 1400'F (2) 1600'F 

(3) 1800'F (4) 2000'F 

.Figure A3-3.4 Alloy 6, DH 242, Stress Oxidation 100 Hours. 285X 
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(1) 4 Hours 

(4) 100 Hours 

(7) 400 Hours 

(2) 16 Hours 

(5) 200 Hours 

(8) 500 Hours 

(3) 64 Hours 

(6) 300 Hours 

(9) 600 Hours 

Figure A3-3.5 Alloy 6, DH 242, Cyclic Oxidation a t  1400'F. 285X 
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(1) 4 Hours 

(4) 100 Hours 

(7) 400 Hours 

(2) 16 Hours 

(5) 200 Hours 

(8) 500 Hours 

(3) 64 Hours 

(6) 300 Hours 

(9) 600 Hours 

Figure A3-3.5 Alloy 6,  DH 242, Cycl ic  Oxidation at 1600OF. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

(4 )  100 Hours (5) 200 Hours (6) 300 Hours 

(7) 400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-3.5 A l l o y  6,  DH 242 ,  Cyclic Oxidation at 1800'F. 285X 
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% (1) 4 Hours (2) 16 Hours 

(3)  64 Hours ( 4 )  100 Hours 

(5) 200 Hours ( 6 )  300 Hours 

Figure A3-3.5 Alloy 6,  DH 242, Cyclic Oxidation at 2000'F. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

F igure  A3-3.5 Alloy 6 ,  DH 242, Cycl ic  Oxidation at 2100'F. 285X 

(1) 4 Hours (2) 16 Hours (3) 64  Hours 

F igure  A3-3.5 Alloy 6 ,  DH 2 4 2 ,  Cycl ic  Oxidation at 2200°F. 285X 
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Figure A3-4.1 Alloy 10, Hastelloy 
.t X ,  A s  Received. 285X 

(1) 1400'F. 

(3) 1800'F. 

Figure A3-4.2 Alloy 10, Hastelloy 
X, A s  Sintered. 285X 

(2) 1600'F. 

(4) 2000'F. 

Figure A3-4.3 Alloy 10, Hastelloy X ,  Continuous Oxidation 
100 Hours. 28523: 
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(1) 1400'F. (2) 1600'F. 

(3) 1800'F. (4) 2000'F. 

Figure A3-4.4 Alloy 10, Hastelloy X,  Stress Oxidation 100 Hours. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours (5) 200 Hours ( 6 )  300 Hours 

(7 )  400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-4.5 Alloy 10, Hastelloy X, Cyclic Oxidation at  1400'F. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours ( 5 )  200 Hours (6)  300 Hours 

(7)  400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-4.5 A l l o y  10, Hastelloy X, Cyclic Oxidation at 1600'F. 285X 
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(1) 4 Hours (2) 16 Hours (3) 64  Hours 

(4) 100 Hours (5) 200 Hours (6) 300 Hours 

(7) 400 Hours (8) 500 Hours (9) 600 Hours 

Figure A3-4.5 Alloy 10, Hastelloy X, Cyclic Oxidation a t  1800°F. 285X 
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(1) 4 Hours 

(2) 16 Hours (3) 64 Hours 

( 4 )  100 Hours ( 5 )  200 Hours 

Figure A3-4.5 Alloy 10, Hastelloy X,  Cyclic Oxidation at 2000'F. 285X 
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(1) 4 Hours 

(2) 16 Hours (3) 64 Hours 

Figure A3-4.3 Alloy 10, Hastel loy X ,  Cycl ic  Oxidation a t  2100'F. 285X 

(1) 4 Hours (2) 16 Hours 

Figure A3-4.5 Alloy 10, Has te l log  X, Cycl ic  Oxidation a t  2200'F. 285X 
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IN LANK NOT ~ ~ ~ F ~ ~ ~ *  
APPENDIX 4 

MECHANICAL PROPERTIES 

CONTENTS 

W I R E  AND SHEET TENSILE TEST DATA COMPARISON 

ALLOY FIGURE PAGE 

1. N 1 5 5 . .  . . . . . . . .  A4-1.  . . . . . . . . . . . . .  . l o 2  
3. TD nickel-chromium . . .  A4-2 . . . . . . . . . . . . . .  . l o 2  

10. Has te l loy  X. . . . . . .  A4-4 . . . . . . . . . . . . . . .  103 
* 6. D H 2 4 2 . .  A4-3 . l o 3  . . . . . . .  . . . . . . . . . . . . . .  

Wire ( s o l i d  l i n e )  and shee t  (dashed l i n e )  specimen t e n s i l e  test  
d a t a  from c y c l i c  ox ida t ion  test samples are compared a t  100 and 600 
hours f o r  each a l l o y  as a func t ion  of temperature,  showing y i e l d  s t r e n g t h ,  
u l t ima te  s t r e n g t h ,  and percentage e longat ion .  

OXIDATION EXPOSURE TENSILE TEST DATA COMPARISON 

FIGURE PAGE 

A 4 - 5 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104 

Tens i l e  test d a t a  from each test  series of c y c l i c  ox ida t ion  (CYC), 
thermogravimetric a n a l y s i s  (TGA), and s t r e s s -ox ida t ion  (S-0) i s  shown 
f o r  each a l l o y  a t  100 hours exposure t i m e  as a func t ion  of test temperature.  

STRESS RUF'TURE LIFE 

ALLOY FIGURE PAGE 

1. N 1 5 5 . .  . . . . . . . .  A 4 - 6 . .  . . . . . . . . . . . .  105 
3. TD nickel-chromium . . .  A4-7 . . . . . . . . . . . . . .  106 
6. D H 2 4 2 . .  . . . . . . .  A 4 - 8 . .  . . . . . . . . . . . .  107 

10. Has te l loy  X. . . . . . .  A4-9 . . . . . . . . . . . . . .  108 

Stress r u p t u r e  l i v e s  f o r  each a l l o y  are shown wi th  stress as a 
power func t ion  of exposure t i m e  wi th  temperature as a parameter. 
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Figure A4-1 Wire and sheet tensile test data comparison at room 
temperature: A l l o y  1, N 155. 

Figure A4-2 Wire and sheet tensile test data comparison at room 
temperature: A l l o y  3, TD nickel-chromium. 
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Figure  A4-3 Wire and s h e e t  t e n s i l e  test d a t a  comparison a t  room 
temperature:  Alloy 6 ,  DH 242. 

Figure A4-4 Wire and s h e e t  t e n s i l e  test d a t a  comparison a t  room 
temperature:  Alloy 10, Has te l loy  X. 

103 



I I I I I I I I  

0081 

0091 

0091 

0081 

0091 

0091 
II 

0081 

0091 

OOfrl. 

! 
I 

0 
I 
u) 

<n u) 0 3 > 
cc) 

I I I l l i l l  
0 0 0 0 0 0 0  

ISd - ss3ul.s O/o - NOllV3NOl3 

- x  
0 
J) 0 IC) a * m w -  

U 
aJ 

a k  
uz l  
( d v ,  a 0  a 
Q X  

104 



c 

IOOX io3 

5c 

I (  

C . 
- 
v) 

I 

u) 
v) 
w 
Q: 
I- m 

a 

1 .. 

A 

A 

0 - 1400 
A - 1600 
n - moo 
0- 2000 

I 
Oxidation 

temperature 
"F 

'KO0 

1600 

1800 

2000 

5 10 50 100 

EXPOSURE TIME - HRS 

Figure A4-6 Stress rupture l i f e :  Alloy 1, PJ 155. 
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Figure A4-7 Stress rupture life: Alloy 3, TD nickel-chromium. 
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Figure A4-8 Stress rupture l i fe :  Alloy 6 ,  DH 242. 
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APPENDIX 5 

OXIDATION PENETRATION PLOTS 

CONTENTS 

ALLOY FIGURE PAGE 

3. TD nickel-chromium . . . .  A5-2 . . . . . . . . . . . . . . .  112 

10. Has te l loy  X . . . . . . . .  A5-4 . . . . . . . . . . . . . . .  116 
1. N 1 5 5 . . . . . . . . . . . A 5 - 1 . * * * * . . . . * * * . * .  110 

6. DH242 . . . . . . . . .  . A 5 - 3 .  . . . . . . . . . . . . . .  114 
t Wire specimen th ickness  change and oxide pene t r a t ion  depth are 

shown i n  r e l a t i o n s h i p  t o  t h e  o r i g i n a l  w i r e  su r f ace ,  measured on i t s  
rad ius ,  as a func t ion  of exposure t i m e  f o r  each a l l o y  and temperature.  
Progress ive  inc rease  i n  th ickness  (upper s o l i d  l i n e )  i n d i c a t e s  spec i -  
men oxida t ion  and growth. Decrease i n  th ickness  shows oxide s p a l l i n g .  
Oxide pene t r a t ion  (lower s o l i d  l i n e )  below t h e  f i n a l  su r f ace  r ep resen t s  
uniform oxide l a y e r  growth p lus  oxide pene t r a t ion  i n t o  t h e  metal. 

Oxide pene t r a t ion  may o r  may not  extend below t h e  i n i t i a l  su r f ace  
depending on t h e  r e l a t i v e  th ickness  change and su r face  oxida t ion  rates. 
Corresponding curves are shown f o r  equivalent  shee t  specimens (dashed 
l i n e s )  t o  show w i r e  and shee t  specimen comparative oxida t ion  charac te r -  
istics. Oxidation and pene t r a t ion  curves shown f o r  t h e  h igher  temper- 
a t u r e s  and longer  t i m e s  may be sharp ly  d ivergent ,  i nd ica t ing  t h a t  oxida- 
t i o n  a t t a c k  has  become ca t a s t roph ic  and marking t h e  use fu l  temperature- 
t i m e  l i m i t  f o r  t h e  a l loy .  

109 



w z 
W 
P 

Lrl 

0 

n 
32 
n 
2 
n 

w > 
3 u 
W 

3 

w 

a 

a 
n n 
v 

s I 
u 
UJ 
v) 
w 
Z 
Y 

I 
I- 

9 

1400 

1600 F 

2 

I 

1800 F 

4 16 64 100 200 
CYCLE TIME - HRS 

400 600 

Figure A5-1 Oxidat ion pene t r a t ion  p l o t :  
1600, 1800°F. 
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Figure A5-1 Oxidation Denetrat ion Dlot: Allov 1. N 155 a t  2000°F. 
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